Bacillus cereus diarrheal food poisoning : detection of enterotoxins and role of mucus for intestinal adherence by Tsilia, Varvara

Promotors: 
Prof. dr. ir. Tom Van de Wiele 
Department of Biochemical and Microbial Technology, Faculty of Bioscience Engineering, 
Ghent University, Ghent, Belgium. 
 
Prof. dr. Marc Heyndrickx 
Department of Pathology, Bacteriology and Poultry Diseases, Faculty of Veterinary Medicine, 
Ghent University, Ghent, Belgium. 
Department of Food Safety, Institute for Agricultural and Fisheries Research (ILVO), Melle, 
Belgium. 
 
Prof. dr. Andreja Rajkovic 
Department of Food Safety and Food Quality, Faculty of Bioscience Engineering, Ghent 
University, Ghent, Belgium. 
 
Examination committee: 
Prof. dr. Bernard De Baets (Chairman) 
Ghent University, Ghent, Belgium 
Prof. dr. ir. Sven Mangelinckx (Secretary) 
Ghent University, Ghent, Belgium 
Prof. dr. Monika Ehling-Schulz  
University of Veterinary Medicine, Vienna, Austria 
Prof. dr. ir. Mieke Uyttendaele 
Ghent University, Ghent, Belgium 
Prof. dr. Bart Devreese 
Ghent University, Ghent, Belgium 
Prof. dr. Jacques Mahillon 
Université Catholique de Louvain, Louvain-la-Neuve, Belgium 
 
Dean of the Faculty of Bioscience Engineering 
Prof. dr. ir. Marc Van Meirvenne 
 
Rector of Ghent University 






Bacillus cereus diarrheal food 
poisoning: detection of enterotoxins 
and role of mucus for intestinal 
adherence 
 






Thesis submitted in fulfillment of the requirements for the degree of 
Doctor (Ph.D.) in Applied Biological Sciences
Titel van het doctoraat in het Nederlands:  
Diarree-type voedselvergiftiging door Bacillus cereus: detectie van enterotoxines en de rol van 




Please refer to this work as: 
Tsilia, V. (2017). Bacillus cereus diarrheal food poisoning: detection of enterotoxins and role 














This work was financially supported by the Belgian Federal Public Service (FOD) of Health, 
Food Chain Safety and Environment (RT09/2 BACEREUS) and the Special Research Funds 
of Ghent University with the research number (B/09036/02 fund IV1 31/10/2008-31/10/2012). 
The experimental part of this work was performed at the Center for Microbial Ecology and 
Technology (CMET, UGhent, BE), the Laboratory for Protein Biochemistry and Biomolecular 
Engineering (L-PROBE, UGhent, BE), the Laboratory of Food Microbiology and Food 
Preservation (LFMFP, UGhent, BE) and the Technology and Food Science Unit of the Institute 
for Agricultural and Fisheries Research (ILVO, BE).  
 
The author and promotors give the authorisation to consult and copy parts of this work for 
personal use only. Every other use is subject to the copyright laws. Permission to reproduce any 


















Αφιερωμένο στους γονείς μου,   
και στον καλύτερο παππού του κόσμου... 









‘No artist is pleased. 
There is no satisfaction whatever at any time. 
There is only a queer, divine dissatisfaction; 
a blessed unrest that keeps us marching 
and makes us more alive than others.’ 
Martha Graham 
 
Artists are a lot like scientists, don’t you think? The ‘dissatisfaction’ in our knowledge, 
the ‘unrest’ in our spirit is the driving force that keeps us going, makes us research, question 
and learn. Such a huge undertaking that sometimes starts or ends with a Ph.D. cannot be 
successfully completed without the support of family, friends and colleagues.  
Firstly, I thank all members of the examination committee. Thank you for your time and 
effort and for critically evaluating this Ph.D. manuscript.  
I would also like to acknowledge my promotors, Tom, Marc and Andreja for the 
guidance during all these years. Thank you for all the questions you answered and the meetings 
you hosted. Thank you for everything, including listening to my constant complaining and 
keeping me calm. Most of all, I would like to thank you for the personal interest in my well-
being and happiness. Work is not everything, right?  
What can I say about Prof. Devreese? You make me love this job! Thank you for your 
undrained and unbelievable support. I cannot imagine how much more you would help me if 
you were actually my promotor. I have learned so much from you. I am a better scientist because 
of you. Never change… Well, maybe don’t answer e-mails at 2 o’ clock in the morning ;). 
The realization of this work would not be possible without the financial support of the 
Belgian Federal Public Service (FOD) of Health, Food Chain Safety and Environment. Along 
with it came the BACEREUS group: Mieke, Katelijne, Jacques, Tom and Marc, I greatly 
appreciate the positive discussion and advice in the areas of your expertise. Mieke, Marc and 
Tom, thank you for giving me this opportunity. I cannot forget Laurance, Xiaojin and especially 
Siele for all the collaboration and constructive discussions. May you all solve the problem of 
food safety :D. 
Acknowledgements 
 
CMET was my home on and off for approximatelly 10 years. I can’t thank all my 
colleagues enough for all the fun moments in and out the lab. Work would never be the same 
without you! Thanks for the coffee breaks, the lunch breaks, the science breaks… all breaks in 
general! Prof. Verstraete (the Deus ex machina in this case), you probably do not remember 
what you have done for me, but I will never forget. I had the pleasure to share an office with 
Joan, Liesje, Yu, David and Pieter VdC. I am not going to embarash anyone with specifics, but 
in brief ‘Best office ever’. Did we actually figure out if Nico moved to the ground floor because 
he couldn’t stand us anymore? :D. In these 10 years, I had other equally awesome officemates 
B(eatrice), Hannele, Irene, Jianyun, Karen, Carlos, Pieter VdA., Ramiro, Marta, Massimo, Tom 
D., Peter C. and Adam. Tom VdW, was the PostDoc’s office a message that is time to move 
on? ;). My appreciation also goes to the whole (ex-) ATP group (Renée, Greet, Siska, Jeroen, 
Mike, Robin etc.). Special thanks to Christine and Regine for all the adminastative (and other) 
help and Jana for the help in the lab. Ellen V, Ellen VG, Nikki and Timbo, you are 
acknowledged separately because you are all special to me. Beyond science, thank you for your 
friendship. Cheers for the figures Tim! I would also like to thank Prof. Nico Boon, the 
colleagues form HAM cluster and ProDigest (including but not limited to Sam and Massimo) 
for sharing their knowledge and expertise.  
During my Ph.D., I was hosted by several labs. L-PROBE did not only welcome my 
invasion, but was also vital for my scientific development. A special thanks to Simon for all his 
work with the enterotoxins and good luck with everything. I am greatful to Isabel for all the 
guidance and to Ann, Griet, Laurence, Jonathan, Prof. Van Beeumen etc. for their valuable 
advice and help. I have only worked shortly in LFMFP, but in this short time mostly everyone 
has been my officemate. I was happy to meet you all. I am particularly thankful to Simba, 
Dieter, Danny, Ann D. for all the support and the interesting discussions. Siele, Jeff, Ambroos, 
and Tom A. etc., it was fun! Of course, I cannot forget my wonderful student, Ilse. You are the 
best! Then came ILVO… I am grateful to all the people of Technology and Food Science Unit 
for the guidance, assistance and talks. Particular thanks to Els VC, Ann V. and Valerie (meter), 
Karen V. and Pieter S. It was a pleasure to know you! 
I met some other incredible people during my work in the Food, Medicines and 
Consumer Safety group at WIV. Too many to count, but know that want to thank you all for 
your friendship. I have a special place in my heart for my colleagues and friends Ana R, Celine, 
Mirjana, Severine, Koen, Steventje etc. Thanks for our scientific interaction, but most 
importantly for the fun breaks, the cigarettes and the talks. You kept me sane! Anyone knows 
Acknowledgements 
 
if the XEVO still works? :o. Nadine and Sarah, I am grateful for the advice and help you 
graciously gave me in the lab. 
What to say about my friends and family? The people that I think about every day, but 
I never call? Sorry, I should learn how to use a cell phone… First of all, my girls: B., Griet, 
Jessi and Liesje. My birthday buddies for the last 7 years along with Joan. Thank you for all the 
wonderful moments, the memories, the laughs… But foremost, I am grateful for your support 
during all the disappointments, disasters and pain. You are all incredible people and I miss you 
a lot. Jessi, if you did not know me so well, if you did not see the signs when they were there 
and helped me, I’d probably not be able to achieve everything I have today. Thank you for 
being the GODmonther of my child :o. I am glad he was the one to make you pray! Check 
Whatsapp for the rest. Griet, I am still trying to figure out how we became friends. Probably 
one of the greatest achievements of my life (eh, Jessi?) since the standards were so high ;). I 
appreciate that :D! Liesje, thanks for putting up with me and sorry for the troubles of the past! 
Love you all ♥! Same goes for my friends Jurgen, Kristof and Inge. A friendship of 12 years 
that continues growing because… well you are fun! I feel we have gone through a lot of 
milestones together. Kris, you got married to Inge and have two wonderful sons… After our 
friendship, your greatest accomplishments :o! Inge, thanks for taking care of him! Despite how 
disappointed I am for sharing the boys’ attention, I could not pick myself a better match for 
Kris. I am so glad that you fitted right in and you did not get scared of us! Jurgen, Jurgen, Jurgen 
(drum roll sound playing in the background…). You got a Ph.D. shortly after we met and you 
bought a house. I would have added that you moved in the house, but we all know that the 
world will probably end before this happens. Oh wait, I am about to get my Ph.D, so the world 
is coming to an end :p! May you all live long and prosper and put up with me for the rest of 
your lives ♥. Cristina, Tim, Flo and Alain, you guys are great! Cannot wait to spend more time 
with you after this is over… 
Για την οικογένειά μου, την σταθερή αξία στην ζωή μου. Τι λόγια να πω για τους 
ανθρώπους που πιστεύουν σε εμένα χωρίς συμβιβασμούς, με αγαπούν και με αποδεχονται όπως 
είμαι (τις περισσοτερες φορες ;o). Μαμά, μπαμπά, Βλάσση, Μαρίλια, Αριάδνη και Νεφέλη, 
σας λατρεύω! Πατερουλη και μανούλα, συγνώμη για τις πίκρες που σας έχω δώσει. Ελπίζω να 
ειναι πολυ λιγότερες απο τις χαρές. Ευχαριστώ για όλες τις θυσίες και για την αγάπη σας. Αίμα 
μου, δεν μπορούσα να ζητήσω καλύτερο αδελφό απο εσένα... φυσικά απο τότε που σταμάτισες 
να λες στην μαμά να με πετάξει στα σκουπίδια. Δεν θα ξεχάσω ποτέ τα παιχνίδια με τους 
φακούς και τα σεντονια σαν καμβάς, οταν μικρή σε ξύπνισα γιατι αιμοραγούσε η μύτη μου και 
με καθάρισες και έπλυνες το μαξιλαρι μου, όταν μου χάρισες τις πανεμορφές ανηψιές μου, 
Acknowledgements 
 
οταν ελεγες ‘πως μιλάς ετσι μπροστά στην αδελφή μου’ και ‘no tolerance’... Κάτσε, ακόμα το 
λες αυτό! Μάλλον θα είμαι η μικρή σου αδελφή για πάντα, ε? Να είσαι πάντα καλά και 
ευτυχισμένος με το Μαριλάκι, την υπέροχη νονά του μωρού μου. ΣΑΣ ΑΓΑΠΑΩ όλους πολύ 
♥ και ΜΟΥ ΛΕΙΠΕΤΕ.  
Ik mag mijn familie hier in Belgie niet vergeten. Ludwien en Stefaan, bedankt voor de 
liefde, hulp en begrip! Jullie zijn de beste ♥! Vooral bedankt voor FM :D. Nel, blijf geweldig 
en lief. Piet, je hebt een gouden hart. You shall be known from now on as peter 1 next to opa 
Stef. Oma Zedelgem, Oma Moe, Lieze, Nick, jullie zijn fantastisch! Bedankt iederen! 
Herein lies the product of a lifetime, my childhood dream! My greatest 
accomplishment… until I met you. FM, you are the love of my life, my companion, my best 
friend, my fan, my nurse and the best choice I have ever made ♥. I have never imagined 
that people like you exist. So giving and good hearted. There is nothing I can say to thank you 
enough for your incredible support and endless love, to repay you for putting a smile on my 
face and taking my sorrows away. Nothing, except that I promise to spend the rest of my life 
doing and being all these things for you too. You have given me a lot, but there is nothing more 
precious than our son, Phileas Antonis Stefaan Kerckhof Tsilias (finding a name with more 
letters than yours was diffucult…). Although, we can never know where life takes us, one thing 
is for sure: We are for ever connected to the most wonderful person in the whole world! 
Φιλέα, αυτό το βιβλίο είναι η απόδειξη οτι όλα τα όνειρα μπορεί να γίνουν 
πραγματικότητα αρκεί να προσπαθείς όσο επίπονο και να είναι. Απο παιδί ονειρευόμουν αυτη 
την στιγμή και τώρα που ήρθε δεν σημαίνει τίποτα γιατί έχω εσένα. Τίποτα δεν συγκρίνεται με 
ένα σου χαμόγελο, μία αγκαλιά, ένα χάδι σου. Υπόσχομαι να σου προσφέρω ότι μπορώ και 
ειδικά αγάπη, κατανόηση και σεβασμό. Να είμαι ο μεγαλύτερος υποστηρικτής σου, αλλά να 
είμαι πάντα ειλικρινής. Να σε αφήσω να πετάς στα σύννεφα, αλλά και να σου δείχνω την 
πραγματικότητα. Να είμαι περίφανη, αλλά και να σε κρίνω. Ναι, είναι οξύμωρο να είσαι γονιός. 
Δεν επιθυμώ τίποτα περισσότερο στον κόσμο από το να είσαι υγιής, ευτυχισμένος και ο 
εαυτό σου. Μαμά ♥ 
 
Vee 












aa Amino Acids 
AC Ascending Colon 
ACN Acetonitrile 
AMBIC Ammonium Bicarbonate  
ANOVA Analysis of Variance 
ATR  Acid Tolerance Response 
AUC Area Under Curve 
BCCM/LMG Belgian Coordinated Collections of Microorganisms/Laboratory of Microbiology, 
Ghent University 
BcET Bacillus cereus Enterotoxin T 
BCET RPLA Bacillus cereus Enterotoxin Reversed Passive Latex Agglutination 
BDE VIA Bacillus Diarrheal Enterotoxin Visual Immunoassay 
BHI Brain Heart Infusion 
BIOHAZ Panel on Biological Hazards 
CD Crohn’s Disease 
CE Collision Energy 
ces Cereulide Synthetase Gene 
CFU Colony Forming Units 
CGY Casamino Acids, Glucose and Yeast Broth 
CID Collision-Induced Dissociation 
ClyA Cytolysin A 
CMC Critical Micelle Concentration 
CUL Culture 
CV Coefficient of Variation 
CytK Cytotoxin K 
cytK Cytotoxin K Gene 
DDA Data-Dependent Acquisition 




DT Dwell Time 
DTT Dithiothreitol 
EDTA Ethylenediaminetetraacetic Acid 
EFSA European Food Safety Authority 
ELISA Enzyme-Linked Immunosorbent Assay 
EntFM Enterotoxin FM 
ESI Electrospray Ionization 
FL Fluorescence 
FP Food Poisoning 
FSC Forward Scatter 
Hbl Haemolysin BL 
hbl Haemolysin BL Gene 
HSD Honestly Significant Difference 
HPLC High Performance Liquid Chromatography 
IAA Iodoacetic Acid  
INRA National Institute for Agricultural Research 
IW Intestinal Water 
LB Luria (Bertani) 
LBG LB with Glucose 
LC Liquid Chromatography 
LFIA Lateral Flow Immunoassay 
LOD Limit of Detection 
LOQ Limit of Quantification 
LPS Lipopolysaccharides 
LTQ Linear Triple Quadrupole 
MAA Modified Adhesion Assay 
MALDI Matrix Assisted Laser Desorption/Ionization 
m/q Mass to Charge Ratio 
MLST Multilocus Sequence Typing 
MODG Minimal Medium with Glucose 
MRM Multiple Reaction Monitoring 
MRS de Man, Rogosa and Sharpe 
MS Mass Spectrometry 
Notation index 
IV 
M-SHIME Mucosal Simulator of the Human Intestinal Microbial Ecosystem  
MTX Methotrexate 
MYP Mannitol-Egg Yolk-Polymyxin 
NCBI National Center for Biotechnology Information 
Nd:YAG Neodymium-Doped Yttrium Aluminium Garnet 
Nhe Non-haemolytic Enterotoxin 
nhe Non-haemolytic Enterotoxin Gene 
NVH Norwegian School of Veterinary Science 
PCR Polymerase Chain Reaction 
PG Peptidoglycan 
PlcR Phospholipase C Regulator 
PMF Peptide Mass Fingerprinting 
PMSF Phenylmethylsulfonyl Fluoride 
PPBS Potassium Phosphate Buffered Saline 
PPS Physiological Peptone Solution 
PSAQ Protein Standard Absolute Quantification 
RBC Red Blood Cells 
REPFED Refrigerated Processed Foods of Extended Durability 
RPLA Reversed Passive Latex Agglutination 
rpm Rotations per Minute 
RT Room Temperature 
SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
SHIME Simulator of the Human Intestinal Microbial Ecosystem 
S/N Signal to Noise Ratio 
SRM Single Reaction Monitoring 
SUP Culture Supernatant 
TCA Trichloroacetic Acid  
TMC Trypsin Missed Cleavages 
TOF Time of Flight 
TX Triton X-100 
UV Ultraviolet 





TABLE OF CONTENTS 
CHAPTER 1:  INTRODUCTION ........................................................................... 2 
1. Bacillus cereus and its enterotoxins ............................................................................ 2 
1.1. Introduction to Bacillus cereus .................................................................................... 2 
1.2. Gastrointestinal diseases caused by Bacillus cereus .................................................... 5 
1.3. Bacillus cereus enterotoxins ........................................................................................ 9 
1.3.1. Structure, polymorphism and prevalence of enterotoxins........................................... 11 
1.3.2. Properties of enterotoxins ........................................................................................... 16 
1.3.3. Regulation of genes and enterotoxin production ........................................................ 20 
2. Methods for detection of Bacillus cereus enterotoxins ............................................ 22 
2.1. Molecular methods ..................................................................................................... 23 
2.2. Immunological methods ............................................................................................. 24 
2.3. Mass spectrometry ..................................................................................................... 27 
2.4. Biological assays ........................................................................................................ 31 
3. Behaviour of Bacillus cereus during gastrointestinal passage ................................ 33 
3.1. Mouth ......................................................................................................................... 34 
3.2. Stomach ...................................................................................................................... 34 
3.3. Small intestine ............................................................................................................ 36 
3.3.1. Host secretions ............................................................................................................ 36 
3.3.2. Other factors ................................................................................................................ 38 
3.3.3. Interaction with the intestinal mucosa ......................................................................... 39 
3.3.4. In vivo studies .............................................................................................................. 42 
4. Objectives and outline of this research ..................................................................... 43 
CHAPTER 2:  IN VITRO ASSAY FOR MUCIN ADHERENCE OF BACILLUS CEREUS 52 
1. Introduction ................................................................................................................ 53 
2. Materials and methods ............................................................................................... 54 
2.1. Bacterial strains .......................................................................................................... 54 
2.2. Growth conditions ...................................................................................................... 55 
2.3. Survival of bacteria in Triton X-100 using plating .................................................... 55 
Table of contents 
VII 
 
2.4. Survival of bacteria in Triton X-100 using flow cytometry ....................................... 56 
2.5. Mucin adhesion assay ................................................................................................ 56 
2.6. Bacteria extraction from mucin layer ......................................................................... 57 
2.7. Statistical analysis ...................................................................................................... 57 
3. Results .......................................................................................................................... 58 
3.1. Survival of bacteria in Triton X-100 .......................................................................... 58 
3.2. Bacterial extraction after the mucin adhesion assay .................................................. 60 
4. Discussion .................................................................................................................... 62 
CHAPTER 3:  EFFECT OF BIOTIC AND ABIOTIC FACTORS ON MUCIN ADHERENCE 
OF BACILLUS CEREUS ................................................................. 68 
1. Introduction ................................................................................................................ 69 
2. Materials and methods ............................................................................................... 70 
2.1. Growth and preparation of bacteria ........................................................................... 70 
2.2. Assessment of bacterial mucin adhesion ................................................................... 72 
2.3. Protocol modifications to study biotic and abiotic parameters .................................. 74 
2.3.1. Strain specificity .......................................................................................................... 74 
2.3.2. Microbial competition ................................................................................................. 74 
2.3.3. Physiological status ..................................................................................................... 74 
2.3.4. Mild acid stress ........................................................................................................... 75 
2.3.5. Oxygen ........................................................................................................................ 75 
2.3.6. Media ........................................................................................................................... 75 
2.4. Bacterial concentration and toxin production ............................................................ 75 
2.5. Statistical data analysis .............................................................................................. 76 
3. Results .......................................................................................................................... 76 
3.1. Strain specificity ........................................................................................................ 76 
3.2. Mild acid stress .......................................................................................................... 77 
3.3. Oxygen availability .................................................................................................... 77 
3.4. Physiological status .................................................................................................... 78 
3.5. Media composition ..................................................................................................... 79 
3.6. Competitive intestinal bacteria ................................................................................... 80 
3.7. Toxin detection .......................................................................................................... 81 
4. Discussion .................................................................................................................... 82 
Table of contents 
VIII 
5. Addenda....................................................................................................................... 85 
CHAPTER 4:  ADHESION OF BACILLUS CEREUS TO MUCIN MICROCOSMS 
DURING GASTROINTESTINAL PASSAGE...................................... 90 
1. Introduction ................................................................................................................ 91 
2. Materials and methods ............................................................................................... 93 
2.1. Definitions .................................................................................................................. 93 
2.2. Gastrointestinal simulation ........................................................................................ 93 
2.2.1. Bacterial strains and preparation of precultures .......................................................... 93 
2.2.2. Stomach simulation ..................................................................................................... 94 
2.2.3. Upper small intestine (duodenum/jejunum) simulation .............................................. 94 
2.2.4. Ileum simulation.......................................................................................................... 94 
2.2.5. Sampling ..................................................................................................................... 95 
2.3. Persistence of mucin-adhered Bacillus cereus after simulated lumen emptying ....... 96 
2.3.1. Bacterial strains and preparation of cultures ............................................................... 96 
2.3.2. Mucin adhesion assay ................................................................................................. 96 
2.3.3. Sampling ..................................................................................................................... 96 
2.4. Degradation of Nhe enterotoxin by intestinal components ........................................ 97 
2.4.1. Bacterial strains and preparation of cultures ............................................................... 97 
2.4.2. Transfer of Nhe to mucin agar .................................................................................... 97 
2.4.3. Stability of Nhe in the presence of intestinal components .......................................... 99 
2.5. Statistical analysis ...................................................................................................... 99 
3. Results ........................................................................................................................ 100 
3.1. Gastrointestinal simulation ...................................................................................... 100 
3.2. Persistence of mucin-adhered Bacillus cereus after simulated lumen emptying ..... 101 
3.3. Degradation of Nhe enterotoxin by intestinal components ...................................... 102 
4. Discussion .................................................................................................................. 103 
CHAPTER 5:  DETECTION OF BACILLUS CEREUS ENTEROTOXINS USING MALDI-
TOF/MS .................................................................................... 112 
1. Introduction .............................................................................................................. 113 
2. Materials and methods ............................................................................................. 115 
Table of contents 
IX 
 
2.1. Bacterial strains and growth conditions ................................................................... 115 
2.2. Protein concentration and separation ....................................................................... 115 
2.3. Protein digestion ...................................................................................................... 116 
2.4. Data aquisition ......................................................................................................... 116 
2.5. Data analysis ............................................................................................................ 117 
2.6. Identification criteria ................................................................................................ 117 
2.7. Enterotoxin biomarkers for MALDI-TOF/MS ........................................................ 118 
2.8. Comparison of MALDI-TOF/MS with the BDE VIA kit ........................................ 118 
3. Results ........................................................................................................................ 119 
3.1. Comparison of extracellular protein profiles of Bacillus cereus strains .................. 119 
3.2. Enterotoxin mass spectra from MALDI-TOF/MS ................................................... 119 
3.3. MALDI-TOF/MS data analysis ............................................................................... 120 
3.4. Comparison of MALDI-TOF/MS with BDE VIA kit ............................................. 128 
4. Discussion .................................................................................................................. 128 
CHAPTER 6:  RELATIVE QUANTIFICATION OF BACILLUS CEREUS ENTEROTOXIN 
PEPTIDES USING MRM ............................................................. 136 
1. Introduction .............................................................................................................. 137 
2. Materials and methods ............................................................................................. 139 
2.1. Reagents ................................................................................................................... 139 
2.2. Bacterial strains ........................................................................................................ 139 
2.3. Culture preparation .................................................................................................. 139 
2.4. Protein precipitation ................................................................................................. 140 
2.5. Reduction, alkylation and in-solution digestion ...................................................... 140 
2.6. Nano liquid chromatography multiple reaction monitoring (NanoLC-MRM) ........ 144 
2.7. Data analysis and acceptance criteria ....................................................................... 144 
2.7.1. Linearity .................................................................................................................... 145 
2.8. Proteotypic peptides and properties ......................................................................... 146 
2.9. Statistical analysis .................................................................................................... 148 
3. Results ........................................................................................................................ 148 
3.1. Proteotypic peptides ................................................................................................. 148 
3.2. Linearity ................................................................................................................... 149 
3.3. Quantification of enterotoxin peptides ..................................................................... 155 
Table of contents 
X 
4. Discussion .................................................................................................................. 157 
5. Addenda..................................................................................................................... 162 
5.1. In silico predicted tryptic peptides ........................................................................... 162 
5.2. Candidate proteotypic peptides for CytK1 and Nhe ................................................ 172 
CHAPTER 7:  GENERAL DISCUSSION AND PERSPECTIVES ............................... 180 
1. Positioning of the doctoral thesis............................................................................. 180 
2. Research outcomes ................................................................................................... 181 
3. Future perspectives for methodological optimizations to determine the role of 
adhesion in Bacillus cereus pathogenesis ........................................................................... 190 
4. Future perspectives for optimization and development of MS-based 
determination of Bacillus cereus enterotoxins ................................................................... 195 
5. Application of MS in food safety and critical comparison with commercial 
immunological kits ............................................................................................................... 199 
6. Conclusions ............................................................................................................... 202 
SUMMARY ........................................................................................................ 206 
SAMENVATTING .............................................................................................. 208 
REFERENCES ................................................................................................... 214 



















 Chapter 1 
INTRODUCTION 
 
Chapter redrafted after:  
 Ceuppens S., Rajkovic A., Heyndrickx M., Tsilia V., Van de Wiele T., Boon N., 
Uyttendaele M. (2011). Regulation of toxin production by Bacillus cereus and its food 
safety implications. Critical reviews in microbiology, 37: 188-213. 
 Rajkovic A., Decleer M., Andjelkovic M., Foubert A., Beloglazova N., De Saeger S., 
Tsilia V., Madder A., Sas B., Uyttendaele, M. (Submitted). Detection methods for 
foodborne bacterial toxins. 
1. Bacillus cereus and its enterotoxins 
1.1. Introduction to Bacillus cereus 
Bacillus cereus is a Gram-positive microorganism that belongs to the B. cereus group. 
This group comprises seven other validly described species, namely B. thuringiensis, B. 
anthracis, B. weihenstephanensis, B. mycoides, B. pseudomycoides, B. cytotoxicus and B. 
toyonensis (Flügge 1886, Skerman et al., 1980, Lechner et al., 1998, Nakamura 1998, 
Guinebretière et al., 2013, Jimenez et al., 2013). Overall, the members of this group 
demonstrate close genetic (Kaneko et al., 1978, Ash et al., 1991, Ash & Collins 1992, Carlson 
et al., 1994, Lechner et al., 1998, Nakamura 1998, Helgason et al., 2000, Sacchi et al., 2002, 
Ivanova et al., 2003, Read et al., 2003, Priest et al., 2004, Rasko et al., 2004) and phenotypic 
similarities (Smith et al., 1952, Le Mille et al., 1969, Gordon et al., 1973, Priest et al., 1988, 
Nakamura 1998, Fritze 2004). Certain phenotypic characteristics have been used to identify 
these species, such as the production of anthrax toxin by B. anthracis (Mock & Mignot 2003), 
the formation of parasporal crystalline δ-endotoxin inclusions by B. thuringiensis (Palma et al., 
2014), the rhizoidal morphology of B. mycoides and B. pseudomycoides (Nakamura 1998) and 
the psychrotolerance of B. weihenstephanensis (Lechner et al., 1998). However, 
psychrotolerant B. mycoides and B. cereus strains also exist (Lechner et al., 1998, Stenfors & 













sub-cultivation or change in culture conditions (Fritze & Pukall 2011). Furthermore, virulence 
factors, such as the anthrax toxin and δ-endotoxins, are encoded on plasmids (Lechner et al., 
1998, Stenfors & Granum 2001, Berry et al., 2002, Fritze 2004, Rasko et al., 2007, Ibrahim et 
al., 2010). These plasmids can be lost or (horizontally) transferred among strains of the same 
or different species in artificial or natural environments (Helgason et al., 1998, Wilcks et al., 
1998, Thomas et al., 2000, Thomas et al., 2001, Aronson 2002, Vilas-Boas et al., 2002, Read 
et al., 2003, Hu et al., 2004, Hoton et al., 2005, Ehling-Schulz et al., 2006a, Van der Auwera 
et al., 2007, Wilcks et al., 2007, Yuan et al., 2007, Bizzarri et al., 2008, Modrie et al., 2010, 
Wilson et al., 2011, Shahcheraghi & Ayatollahi 2013). Evidently, distinction among species is 
difficult which explains why the taxonomy of B. cereus group is so complex and equivocal. 
B. cereus is ubiquitous in the environment (Varnam & Evans 1996, Bhunia 2008, 
Swiecicka 2008), because it forms endospores that are resilient to harsh environmental 
conditions, survive for extended periods of time and can easily relocate (Varnam & Evans 1996, 
Nicholson et al., 2000). Soil is the primary reservoir of B. cereus containing up to 6 log CFU/g 
(Slaghuis et al., 1997, Vissers et al., 2007, EFSA-BIOHAZ 2016). Farming on contaminated 
soil is responsible for transfer of B. cereus to crops and livestock. In this way, B. cereus can 
access the food production chain. Spores can survive food-processing and adhere to the 
processing equipment, which can be attributed to their unique surface structure and properties 
(Husmark & Rönner 1992, Husmark 1993, Andersson et al., 1995, Faille et al., 2002, 
Heyndrickx 2011, Faille et al., 2014). Their persistence may result in cross-contamination of 
other foods during food processing, packaging and transport (Andersson et al., 1995). 
Therefore, the presence of B. cereus in foodstuff is fairly common (Vilas-Boas et al., 2007, 
Heyndrickx 2011, Samapundo et al., 2011). 
B. cereus has been isolated from almost all categories of food products: milk and dairy 
products (milk, cream, infant formula), meat and meat products (meatloaf, forcemeat, beef 
stew, veal broth), poultry and poultry products (roast turkey, barbequed chicken), eggs and egg 
products (omelette, liquid whole egg), fish and fish products (boiled cod, lobster pâté), 
vegetable and vegetable products (sprouts, broccoli, carrots, courgette and potato puree, pea 
soup), cereals and cereal products (rice and pasta dishes), desserts and pastry (vanilla slices, 
vanilla pudding, sauce), herbs, spices and seasoning etc. (Wood & Waites 1988, Andersson et 
al., 1995, van Netten & Kramer 1995, Choma et al., 2000, Anderson Borge et al., 2001, 
Heyndrickx & Scheldeman 2002, Rajkovic et al., 2006, Wijnands et al., 2006a, De Jonghe et 
al., 2008, Fangio et al., 2010, Samapundo et al., 2011, Hariram & Labbe 2015). Both raw 












durability (REPFED), can be contaminated with B. cereus (Wijnands et al., 2006a, Heyndrickx 
2011). 
The concentration of presumptive B. cereus in foods is usually lower than 104 CFU per 
mL or g, however, higher values have been occasionally reported (Rusul & Yaacob 1995, 
Choma et al., 2000, Rosenquist et al., 2005, Guven et al., 2006, Wijnands et al., 2006a, Vissers 
et al., 2007, Bartoszewicz et al., 2008, Chitov et al., 2008, Zhou et al., 2008, Ankolekar et al., 
2009, Brychta et al., 2009, Fangio et al., 2010, Jonkuvienė et al., 2012, Chon et al., 2015, 
Hariram & Labbe 2015, EFSA-BIOHAZ 2016). With the exception of ‘dried infant formulae 
and dietary foods for special medical purposes for infants younger than 6 months’, there is no 
European regulation for the presence of B. cereus in foods (EC 2007). Nevertheless, the Panel 
on Biological Hazards (BIOHAZ) of the European Food Safety Authority (EFSA) recommends 
that B. cereus numbers between 103 and 105 CFU per mL or g (upper limit) should not be 
reached at consumption (EFSA 2005). In spite of that, tolerance levels have been proposed by 
different countries and usually vary from 102 to 105 CFU per mL or g depending on the food 
type and the country (Jouve & Louisot 1996, NRC 2003, Wijnands et al., 2006a, HPA 2009, 
Uyttendaele et al., 2010, CFS 2014, Cressey et al., 2016). On occasion, food products exceed 
the national thresholds for B. cereus and are considered unsatisfactory or unacceptable for 
consumption. 
B. cereus presents different challenges for the food industry (Andersson et al., 1995, in't 
Veld 1996, Heyndrickx & Scheldeman 2002, Granum 2005, Stenfors Arnesen et al., 2008). It 
is responsible for food spoilage during production, storage and distribution (food quality 
aspect), as well as food poisoning (food safety aspect) caused by toxins that are associated with 
two distinct illnesses, the emetic and the diarrheal disease (Section 1.2). B. cereus has been 
established as a food poisoning agent since the 1950s (Hauge 1955). 
Approximately 7% of the foodborne outbreaks reported by EFSA in 2015 were caused 
by B. cereus, involving 3131 cases, i.e. ca. 7% of all reported cases (ECDC 2016). In Belgium, 
B. cereus was associated with 12.5% of outbreaks with known origin (2.6% of all outbreaks) 
that occurred between 2006 and 2013 (FAVV-AFSCA 2015). The cost per illness associated 
with B. cereus in United States is approximately US$166 (154 euro) (Bennett et al., 2013). The 
actual number of food poisoning incidences caused by B. cereus cannot be accurately estimated 
because hospitalization is usually not required (mild illnesses with quick recovery) and the 
symptoms can be confused with those of Clostridium perfringens and Staphylococcus aureus. 
The concentration of presumptive B. cereus involved in outbreaks ranges between ˂102 













al., 1992, Luby et al., 1993, Lund et al., 2000, Dierick et al., 2005, Messelhäusser et al., 2014, 
EFSA-BIOHAZ 2016). Although most foodborne outbreaks caused by B. cereus in Europe 
have been associated with more than 105 CFU per mL or g food (EFSA-BIOHAZ 2016), 
Glasset et al., (2016) reported lower levels in ca. 80% of B. cereus outbreaks that occurred in 
France between 2007 and 2014. It is evident that the exact infectious dose may vary depending 
on the individual responses (e.g. health status, age), the type and potency of the toxin involved, 
the intrinsic potential of a given strain to produce toxins (type and quantity) etc.  
1.2. Gastrointestinal diseases caused by Bacillus cereus 
B. cereus produces a large array of putative virulence factors (Table 1-1), such as 
enterotoxins, cereulide, haemolysins and degradative enzymes (phospholipases and proteases) 
(Gohar et al., 2002, Gohar et al., 2005), that may be involved in different local and systemic 
infections (Drobniewski 1993, Schoeni & Wong 2005, Ehling-Schulz et al., 2011). Among 
these, gastrointestinal illnesses are probably the most common. According to the World Health 
Organization, food poisoning caused by B. cereus is classified under intestinal infectious 














Table 1-1. Presumptive virulence factors of Bacillus cereus group. [Cer] Cereulide; [CytK] Cytotoxin 
K; [Hbl] Haemolysin BL; [Nhe] Non-haemolytic enterotoxin; [HlyI] Haemolysin I or cereolysin O; 
[HlyII] Haemolysin II; [HlyIII] Haemolysin III; [PC-PLC] Phosphatidylcholine-specific 
Phospholipase C or lecithinase; [PI-PLC] Phosphatidylinositol-specific Phospholipase C; [SMase] 
Sphingomyelinase; [CerAB] Cereolysin AB; [InhA] Immune inhibitor A; [Col] Collagenase; [Cry] 
Crystal protein; [Nrp] Neutral protease; [CDC] Cholesterol-dependent cytolysin; [GPI] 
Glycosylphosphatidylinositol; [TLR] Toll-like receptors; [PC] Phosphatidylcholine; [PI] 
Phosphatidylinositol; [SM] Sphingomyelin; [PapR] Quorum sensing signal peptide; [RBC] Red 
blood cells; [NKC] Natural killer cells. Sources: Cer (Agata et al., 1995b, Mahler et al., 1997, Mikkola 
et al., 1999, Paananen et al., 2002, Jaaskelainen et al., 2003b); CytK (Lund et al., 2000, Hardy et al., 
2001, Fagerlund et al., 2004); Hbl (Beecher & Macmillan 1991, Beecher & Wong 1994a, Beecher et 
al., 1995a, Beecher et al., 1995b, Lund & Granum 1997, Callegan et al., 1999, Beecher et al., 2000, 
Beecher & Wong 2000b, Jessberger et al., 2014); Nhe (Lindbäck et al., 2004, Fagerlund et al., 2008, 
Lindback et al., 2010, Doll et al., 2013, Jessberger et al., 2014); HlyI (Bernheimer & Grushoff 1967, 
Beecher et al., 2000, O'Brien & Melville 2004, Ramarao & Sanchis 2013); HlyII (Miles et al., 2002, 
Andreeva et al., 2006, Tran et al., 2011, Ramarao & Sanchis 2013); HlyIII (Baida & Kuzmin 1996); 
PC-PLC (Gilmore et al., 1989, Wazny et al., 1990, Beecher et al., 2000, Alouf et al., 2015); PI-PLC 
(Volwerk et al., 1989, Zenewicz et al., 2005, Alouf et al., 2015); SMase (Gilmore et al., 1989, Granum 
& Nissen 1993, Tamura et al., 1994, Beecher et al., 2000, Beecher & Wong 2000b, Ago et al., 2006, 
Oda et al., 2012, Doll et al., 2013); InhA (Siden et al., 1979, Dalhammar & Steiner 1984, Fedhila et 
al., 2002, Ramarao & Lereclus 2005, Chung et al., 2006, Guillemet et al., 2010); Col (Beecher et al., 













Causes emesis. Inhibits mitochondrial activity (interferes with the 
membrane potential) and induces mitochondrial swelling. Inhibits 











Protein. Pore-forming (β-barrel). 
Presumably causes (bloody) diarrhea. Cytotoxic towards human 
intestinal and monkey kidney cells. Haemolytic to bovine and rabbit 
RBC. Dermonecrotic to guinea pigs. 
Hbl 
Tripartite protein. Pore-forming complex. 
Presumably causes diarrhea. Cytotoxic towards different types of cells. 
Haemolytic (discontinuous haemolysis) to bovine, swine, sheep RBC. 
Synergistic effect with SMase and occasionally PC-PLC (swine, human 
RBC). Possible contribution to ocular virulence. Dermonecrotic to 
rabbits. 
Nhe 
Tripartite protein. Pore-forming complex. 
Presumably causes diarrhea. Cytotoxic towards different types of cells. 
























Protein. Pore-forming (CDC). 
Haemolytic to rabbit RBC. Mortality to mice. CDC (e.g. perfringolysin 
O) cause cytotoxicity to macrophages and assists in immune escape. 
HlyII 
Protein. Pore-forming (β-barrel). 
Haemolytic to rabbit and human RBC. Cytotoxic to human neural and 
colon carcinoma cell lines (loss of mitochondrial membrane potential 
and plasma membrane integrity). Causes mortality to insects and mice. 
Causes human monocyte and macrophage apoptosis (pore formation). 
HlyIII 
Protein. Pore-forming. 














Metalloenzyme (Enzymatic degradation of membranes rich in PC). 
Lecithinase activity. Non-haemolytic? Synergistic effect with SMase 




Enzyme (Enzymatic degradation of membranes rich in PI. The 
degradation products, inositol triphosphate and diacylglycerol, are 
involved in lipid signalling). 
Haemolytic to bovine RBC. Down-modulates dendritic cell function and 
T-cell response in B. anthracis (cleavage of GPI-anchored proteins 
important for TLR-mediated activation of dendritic cells). 
SMase 
Metalloenzyme (Enzymatic degradation of membranes rich in SM to 
ceramide (lipid signalling) and phosphorylcholine. Reduces membrane 
fluidity). 
Hemolytic activity against sheep RBC. Synergistic effect with SMase 
(cerAB), Nhe and Hbl. Small but significant increase in cytotoxicity of 
mouse colonic epithelial cells, but nontoxic against Vero cells. 
Contributes to the mortality of insect larvae and mice. Reduces 
















Metalloprotease (InhA1 (B. anthracis) cleaves extracellular matrix 
proteins and tissue components e.g. fibronectin, laminin, and type I and 
IV collagens). 
Causes mortality to insects (hydrolysis of antibacterial peptides found in 
the hemolymph). InhA1 (not InhA2 or InhA3) is involved in bacterial 
escape from murine macrophages. 
Col 
Metalloprotease (Cleaves collagen (basement membranes and 
connective tissues). Metabolic products, i.e. small peptides, may attract 
neutrophils by chemotaxis). 
Synergistic effect of ColB and Cry of B. thuringiensis (accelerates 
virulence in insects). May be involved in retinal tissue damage. 
Npr 
Metalloprotease (An unknown neutral protease from B. cereus 
hydrolyses human hemoglobin and human serum albumin and casein). 












An overview of the main properties of the emetic and diarrheal disease from B. cereus 
is given in Table 1-2.  
 
Table 1-2. Properties of the emetic and diarrheal diseases caused by Bacillus cereus. The table is 
partially adjusted from Granum (2005) based on information obtained from literature (Kramer & 
Gilbert 1989, Beecher & Macmillan 1991, Agata et al., 1994, Lund & Granum 1996, Varnam & 
Evans 1996, Lund et al., 2000, Dierick et al., 2005, Schoeni & Wong 2005, Stenfors Arnesen et al., 
2008, Naranjo et al., 2011, Knechtges 2012, Bennett et al., 2013, Messelhäusser et al., 2014, Glasset 
et al., 2016). 





Type of disease Intoxication Toxico-infection 
Production site 
Food  
(No bacterial consumption 
required) 
Small intestine  
(Bacterial consumption/survival is 
required) 
Toxins Cereulide Multiple enterotoxins 
Location of disease Stomach, liver and/or heart Small intestine 
Common symptoms 
Nausea, vomiting and 
malaise  




Diarrhea and fever Nausea, vomiting and fever  
Similar symptoms Staphylococcus aureus Clostridium perfringens 
Onset of symptoms 0.5 to 6 h (short incubation) After 8 to 16 h (long incubation) 
Duration of 
symptoms 
6 to 24 h 12 to 24 h 
Implicated food 
Vegetables and fruits (and 
products), cheese and meat 
products, farinaceous foods 
(rice, pasta, noodles), etc. 
Meat/milk products, puddings, 
sauces etc. 
 
Briefly, the emetic illness is manifested after the ingestion of cereulide (Figure 1-1), a 
cyclic dodecadepsipeptide produced by B. cereus in foods (Ehling-Schulz et al., 2004, Stenfors 













nausea and occur shortly after food consumption. The diarrheal illness is caused by de novo 
enterotoxin production in the small intestine of the host after consumption of food contaminated 
with B. cereus (Granum 2005, Stenfors Arnesen et al., 2008). The main symptoms are cramps 
and watery diarrhea and start later than those of the emetic disease. In both cases, full recovery 
is expected within a day.  
 
 
Figure 1-1. The structure of cereulide (courtesy of Vincent Ornelis). 
1.3. Bacillus cereus enterotoxins 
One factor that complicates the microbial risk assessment of enterotoxigenic B. cereus, 
is the existence of multiple potential enterotoxins, namely haemolysin BL (Hbl), non-
haemolytic enterotoxin (Nhe), cytotoxin K (CytK), B. cereus enterotoxin T (BcET) and 
enterotoxin FM (EntFM) (Agata et al., 1995a, Asano et al., 1997, Stenfors Arnesen et al., 
2008). Currently, there is not enough evidence to suggest the contribution of BcET and EntFM 
to food poisoning (Choma & Granum 2002, Hansen et al., 2003). Therefore, the introduction 












Enterotoxins, like most virulence factors of B. cereus, are chromosomally-encoded 
(Gohar et al., 2008). Given the extensive genetic similarities within the B. cereus group, it is 
not surprising that enterotoxin genes are commonly found in all species (Table 1-3). Their 
presence seems to be largely restricted to this group (From et al., 2005, Wehrle et al., 2010) 
and only scarce examples of non-B. cereus group strains (especially Bacillus spp.) encoding 






























Table 1-3. Presence of enterotoxin genes and cereulide genetic determinants in members of the 
Bacillus cereus group. [+] Gene presence; [  ] Absence of genes or no information; [nhe] Non-
haemolytic enterotoxin gene; [hbl] Haemolysin BL gene; [cytK] Cytotoxin K gene; [ces] Cereulide 
synthetase gene; [PlcR] Phospholipase C regulator. Sources: (Vannetten et al., 1990, Prüß et al., 
1999, Lund et al., 2000, Rivera et al., 2000, Stenfors et al., 2002, Read et al., 2003, Mendelson et al., 
2004, Gohar et al., 2005, Rosenquist et al., 2005, Ehling-Schulz et al., 2006b, Frederiksen et al., 2006, 
Swiecicka et al., 2006, Thorsen et al., 2006, Baron et al., 2007, Fagerlund et al., 2007, Gohar et al., 
2008, Thorsen et al., 2009, Guinebretière et al., 2010, Jimenez et al., 2013, Oltuszak-Walczak & 




nhe hbl cytK ces 
B. thuringiensis + + +  
Enterotoxin production is 
possible. The cytotoxicity is 
comparable to that of food 
poisoning B. cereus strains. 
B. anthracis +    
Lack of enterotoxin expression, 
due to a mutation on the plcR 
gene. Low levels of NheA 
production. 
B. weihenstephanensis + + + + 
Enterotoxin production is 
possible. Overall, less cytotoxic 
than B. cereus. 
B. cytotoxicus +  +  
Enterotoxin production is 
possible. Highly cytotoxic 
species. 
The only species that encodes 
CytK1. 
B. toyonensis + +   Nhe and Hbl may be functional. 
B. mycoides + + +  Low cytotoxicity. 
B. pseudomycoides + +   Low cytotoxicity. 
1.3.1. Structure, polymorphism and prevalence of enterotoxins 
CytK is a single protein of approximately 34 kDa that consists of two variants, namely 
CytK1 encoded in B. cytotoxicus and CytK2 found in other species of the B. cereus group (Lund 












B. cytotoxicus NVH 0391/98T during a food poisoning outbreak in 1998 in a French elderly 
nursing home that resulted in the death of three people (Lund et al., 2000, Auger et al., 2008). 
B. cytotoxicus forms a small homogenous cluster of strains with distinct thermo-tolerant 
ecotype that is genetically more distant than the other members of B. cereus group (Auger et 
al., 2008, Guinebretière et al., 2008). CytK1 shows 89% amino acid (aa) sequence identity to 
CytK2 isolated from B. cereus NVH 1230/88, while CytK2 from different strains demonstrate 
more than 95% sequence identity (Fagerlund et al., 2004).  
Table 1-4 presents the prevalence of enterotoxin genes in isolates of the B. cereus group 
from different origins. Although CytK1 has been considered as a rare enterotoxin 
(Guinebretière et al., 2006, Castiaux et al., 2015), Contzen et al., (2014) has recently 
demonstrated that the presence of CytK1 encoding B. cytotoxicus is fairly common (35%) in 
dehydrated potato-based foods after overnight enrichment at 50 oC. The occurrence rate of 
CytK2 is much higher than CytK1 (40 to >55% or more) (Guinebretière et al., 2002, 
Guinebretière et al., 2006, Wijnands et al., 2006a, Ngamwongsatit et al., 2008b, Castiaux et 
al., 2015). To our knowledge, CytK2 has not been involved in foodborne outbreaks and it is 
probably not a bona fide enterotoxin (Castiaux et al., 2015) (section 1.3.2 of this chapter). 
Nhe was initially isolated during a foodborne outbreak in Norway (1995) from the Hbl-
negative strain B. cereus NVH 0075/95 (Lund & Granum 1996). Characterization of Nhe 
produced by B. cereus NVH 1230/88 showed that it consists of the NheA, NheB and NheC 
components, that are respectively encoded by the nheA, nheB, nheC genes transcribed as one 
operon (Granum et al., 1999, Lindbäck et al., 2004). However, expression of NheC is low 
relative to the other components (Lindbäck et al., 2004, Dietrich et al., 2005, Granum 2005). 
This may explain the inability of various studies to detect NheC in culture supernatants (Gohar 
et al., 2005, Gilois et al., 2007, Gohar et al., 2008, Vörös et al., 2014). The components of Nhe 
demonstrate 22-44% aa sequence similarity to each other (Fagerlund et al., 2008). Hbl was 
identified as a toxin of B. cereus in 1990 (Beecher & MacMillan 1990), although it has been 
described with other names before that. Similarly to Nhe, Hbl is a tripartite protein composed 
of L2 or HblC, L1 or HblD and B or HblA. These components are respectively (co-)transcribed 
by the hblC, hblD, hblA genes that are organized on the same operon (Heinrichs et al., 1993, 
Ryan et al., 1997). The amino acid sequence similarity among the Hbl components ranges 
between 18 and 25% (Fagerlund et al., 2008). 
Nhe and Hbl demonstrate both sequence- (18-40% depending on the component) and 
structural similarities, suggesting a common origin (Granum et al., 1999, Fagerlund et al., 













and spread by horizontal gene transfer. The presence of Nhe-like sequences on a large plasmid 
of B. weihenste phanensis KBAB4 (Lapidus et al., 2008) and an inverted repeat downstream 
hblB (a gene found downstream hbl on the same operon) with high DNA sequence identity to 
a transposase-encoding region found in B. thuringiensis plasmids (Økstad et al., 1999) suggests 
that nhe and hbl have been involved in horizontal transfer. Nonetheless, unlike hbl, stable 
horizontal gene transfer of the nhe gene appears to be a rare event (Böhm et al., 2015). 
Nhe is encoded by most strains (more than 90%) of B. cereus (Table 1-4). The 
occurrence of hbl is generally lower than that of nhe, but it is usually higher than 60%. Large 
variations in the prevalence of hbl and cytK are observed among different studies (Table 1-4).  
It is the understanding that enterotoxin genes from the same operon always occurs 
simultaneously in a strain. Therefore, the lack of detection of one or more enterotoxin genes of 
the same complex (Samapundo et al., 2011, Owusu-Kwarteng et al., 2017) is the result of 
primer bias towards certain polymorphic sequences (Beattie & Williams 1999, Guinebretière 
et al., 2002, Ehling-Schulz et al., 2006b, Swiecicka et al., 2006). The most known and rare 
polymorphism of nhe is found in B. cytotoxicus NVH 0391/98 (Fagerlund et al., 2007). The 
nhe genes of this species revealed approximatelly 70-80% DNA sequence identity with the 
corresponding genes of other strains.  
 
Table 1-4. Prevalence of enterotoxin genes and cereulide genetic determinants in isolates of the 
Bacillus cereus group from different origins. [%] Gene prevalence; [cytK1] Cytotoxin K1 gene; 
[cytK2] Cytotoxin K2 gene; [nhe] Non-haemolytic enterotoxin gene; [hbl] Haemolysin BL gene; [ces] 
Cereulide synthetase gene(s); [CytK1] Cytotoxin K1 variant; [CytK2] Cytotoxin K2 variant; [Nhe] 
Non-haemolytic enterotoxin; [Hbl] Haemolysin BL; [NCBI] National Center for Biotechnology 
Information. 
Gene % Species Other information Reference 
cytK 40% 
B. cereus (n=156). 
Food and food poisoning 
isolates. 
95% cytK2 and 5% 
cytK1 genes. 






B. cereus (n=161). 
Environment, food, food 
poisoning and clinical 
isolates. 
No significant 
differences in toxin 
prevalence between food 
and virulent isolates. 
(Castiaux et al., 2015) 












Gene % Species Other information Reference 
cytK2 41% Information from NCBI 
database. 
cytK 45% 
B. cereus (n=29). 
Food, food poisoning 
and clinical isolates. 











B. cereus group (n=218). 
Various sources. 
The cytK2 gene is more 
frequent in B. 
thuringiensis (75%) than 
B. cereus (35%). 









B. cereus (n=164). 
Food, food poisoning, 
environmental and 
clinical isolates. 
The prevalence of nhe 
and hbl genes was based 
on the number of strains 
that encoded at least one 
gene. 









B. cereus group (n=80). 
Food isolates. 
The prevalence of nhe 
and hbl genes was based 
on the number of strains 
that encoded at least one 
gene. 








B. cereus (n=796). 
Food isolates. 
 












B. cereus group (n=391). 
Estimated by the 
available data. 








B. cereus (n=88). 
Food and food poisoning 
isolates. 
Significant higher 
prevalence of the cytK 
gene in food poisoning 
rather in food isolates. 
Production of high levels 
of Hbl and Nhe was 
significantly higher in 
food-poisoning strains. 














Gene % Species Other information Reference 









B. cereus (n=411). 
Food and soil isolates. 
Hbl prevalence in B. 
thuringiensis is 87%. 








B. cereus (n=120). 
Food and clinical 
samples. 









B. cereus group (n=496). 
Food, environmental and 
clinical samples. 
The nheA gene had 
similar prevalence 
regardless the source and 
among emetic and 
enterotoxigenic strains. 
The cytK gene was more 
frequent in B. 
thuringiensis and 
enterotoxigenic strains 
compared to emetic. 
(Forghani et al., 2014) 











B. cereus (n=159). 
Foodborne outbreaks. 









B. cereus group (n=96). 
Soil, milk and milk 
products. 
The prevalence of nhe 
and hbl genes was based 
on the number of strains 
















1.3.2. Properties of enterotoxins 
The most important properties of CytK, as well as Hbl and Nhe are given in Table 1-5 
and Table 1-6, respectively. 
Enterotoxins are extracellular proteins that are secreted via the Sec translocation 
pathway (Fagerlund et al., 2010). Furthermore, they demonstrate haemolytic and cytotoxic 
properties (Beecher & Wong 1997, Lund et al., 2000, Fagerlund et al., 2004, Fagerlund et al., 
2008). All three components of Nhe and Hbl are required for maximal cytotoxicity (Beecher et 
al., 1995b, Lindbäck et al., 2004). Enterotoxins may cause diarrhea through pore formation in 
the intestinal epithelium (Lund et al., 2000, Hardy et al., 2001, Stenfors Arnesen et al., 2008). 
It appears that oligomerization and binding to the cell membrane are necessary for the action 
of all enterotoxins, but the exact steps involved are not fully understood (Madegowda et al., 
2008, Lindback et al., 2010, Didier et al., 2012, Heilkenbrinker et al., 2013, Zhu et al., 2016). 
CytK may form transmembrane pores resulting in a mushroom-like structure typical for β-
barrel toxins (Menestrina et al., 2001). Although, transmembrane helices have been predicted 

























Table 1-5. Important properties of the two variants of Cytotoxin K. [FP] Food poisoning; [CytK1] 
Cytotoxin K1 variant; [CytK2] Cytotoxin K2 variant; [RBC] Red blood cells; [RT] Room temperature; 
[D] Diameter; [†] Different values depending on the strain; [*] Instability to these factors is claimed 
for the diarrheal toxins, but we found no specific information for these toxins. Sources: (Lund et al., 
2000, Hardy et al., 2001, Fagerlund et al., 2004, Gilois et al., 2007, Guinebretière et al., 2010, 
Guinebretière et al., 2013). 
Property CytK1 CytK2 
Alleged involvement in FP Yes Not direct 
Species B. cytotoxicus B. cereus group 
Size (mature protein) ca. 34 kDa (single protein). 
Biological activity:   
50% inhibition (Vero cells) 85 ng 5 times less toxic. 
50% inhibition (Caco-2 cells) 16 ng 60-142 ng† 
50% haemolysis (Rabbit RBC) 15-20 ng  
50% haemolysis (Bovine RBC) 15-30 ng 34-54 ng† 




Similarities of the N-terminus 
to other toxins 
ca. 30% similarity to 
β-barrel toxins. 
ca. 30% similarity to 
β-barrel toxins. 
Pore formation in planar 
bilayers 
Conductance >100 pS 
Non-selective pores 
(D~7 Å=0.7 nm). 
Smaller than other β-
barrel toxins. 
Broad range of 
conductances, like 
many β-barrel toxins 
(Mainly small, but 




Temperature (4 or 25 
°C, freeze-thaw), 
purification, low or 
high pH*, 
proteolysis* (stable 
for 2 h (37 °C) to 5 
µg/mL trypsin (1:10 
w/w). 














Various efforts have been made to determine the importance of each enterotoxin in food 
poisoning. Addition of anti-NheB antibodies in supernatants of B. cereus isolates abolished 
cytotoxicity (Dietrich et al., 2005), while supernatants from an hbl and cytK deletion mutant 
did not impair toxicity towards cell lines (Ramarao & Lereclus 2006). Additionally, the 
cytotoxicity of B. cereus strains correlated well with the production of NheB, but this was not 
the case for the L2 components of Hbl (Moravek et al., 2006, Jessberger et al., 2014). All the 
above, together with the high prevalence, suggested that Nhe poses a severe health hazard. 
However, the role of the other Hbl components in cytotoxicity was recently demonstrated 
(Jessberger et al., 2014). Furthermore, the virulence of Hbl has been proven using animal 
models (Beecher et al., 1995b). The potency of Hbl to cause fluid accumulation in rabbit ligated 
ileal loops is in the same range as cholera, thus Hbl may be an important diarrheal toxin (Senesi 
& Ghelardi 2010). Slightly higher amounts of CytK1 compared to the other toxins are required 
for 50% cytotoxicity of Vero cells. Nevertheless, CytK1 has been associated with the death of 
three people (Lund et al., 2000), which underlines its strength as a virulence factor. CytK2 is 
not considered as a severe hazard in food poisoning (Guinebretière et al., 2010), probably due 
to its lower cytotoxicity compared to CytK1 (Lund et al., 2000, Fagerlund et al., 2004). 
Castiaux et al., (2015) demonstrated that the prevalance of cytK2 genes did not significantly 
differ among food poisoning/clinical and environmental isolates of the B. cereus group. These 
findings suggest that CytK2 may not be a bona fide enterotoxin. Nevertheless, Guinebretière et 
al., (2002) showed that the cytK (mainly cytK2) gene is more frequently found in strains of the 
B. cereus group isolated from food poisoning compared to food isolates (73% and 37%, 
respectively). Additionally, production of CytK (CytK2) was (at least partially) associated with 
cytotoxicity (Gilois et al., 2007), which suggests that its contribution to food poisoning cannot 
be overlooked. Interestingly, the role of presumptive enterotoxins in pathogenesis may be 
enhanced by synergistic effects with other virulence factors of B. cereus (Table 1-1). Although, 
information on CytK is still lacking, sphingomyelinase was shown to complement in vitro 
cytoxicity or haemolysis induced by Nhe and Hbl (Beecher & Wong 2000b, Doll et al., 2013). 















Table 1-6. The most important properties of Nhe and Hbl. [FP] Food poisoning; [Nhe] Non-
haemolytic enterotoxin; [Hbl] Haemolysin BL; [CytK] Cytotoxin K variant; [ClyA] Cytolysin A; 
[RBC] Red blood cells; [*] Hbl and Nhe are considered unstable to temperature, pH and proteolysis, 
but no specific information was found; [†] These values are compared to the 100% haemolysis caused 
by 1% Triton X-100. Sources: (Beecher & MacMillan 1990, Beecher & Macmillan 1991, Shinagawa 
et al., 1991b, Heinrichs et al., 1993, Beecher & Wong 1994c, Beecher et al., 1995b, Lund & Granum 
1996, Beecher & Wong 1997, Granum & Lund 1997, Lund & Granum 1997, Ryan et al., 1997, 
Lindbäck et al., 1999, Beecher & Wong 2000b, Lindbäck et al., 2004, Granum 2005, Gilois et al., 
2007, Fagerlund et al., 2008, Zhu et al., 2016). 
Property Nhe Hbl 
Alleged involvement in FP Yes Yes 
Species B. cereus group B. cereus group 
Size (mature protein) 
NheA (ca. 41 kDa, 360 aa) 
NheB (ca. 40 kDa, 372 aa) 
NheC (ca. 36.5 kDa, 329 aa) 
L2 (ca. 46 kDa, 447 aa)     
L1 (ca. 38 kDa, 384 aa)       
B (ca. 37 kDa, 375 aa) 
Biological activity:   
Max. inhibition (Vero cells)  10 NheA:10 NheB:1 NheC  1 L2:1 L1:1 B 
50% inhibition (Vero cells) 70 ng 80 ng 
Inhibition (Caco-2 cells) Yes Yes 
Haemolysis Yes Yes (discontinous zone) 
Haemolysis (Bovine RBC) 80% lysis† Yes 
Haemolysis (Human RBC) 100% lysis†  
Haemolysis (Sheep RBC)  Yes 
Other biological effects  
Fluid accumulation in 
rabbit ligated ileal loops. 
Rabbit vascular 
permeability (edema, 
bluing, dermonecrosis).  
Similarities to other toxins 
Structurally and functionally 
similar to ClyA and Hbl. 
Structurally and 
functionally similar to 












Property Nhe Hbl 
Pore formation in planar 
bilayers 
A pro-pore of about 2 nm is 
formed by the NheB:NheC 
oligomer 
Larger pores than β-barrel 
toxins, and similar or a bit 
larger than ClyA. 
(Weakly) cation selective. 
Colloid osmotic lysis. 
Yes 




Temperature*, low or high 
pH*, proteolysis*. 
Half-life (30 °C)=18.6 h 
(NheA) and 1.2 h (NheB). 
Generally considered 
unstable to: 
Temperature (5 min at 50 
oC and 30 days at 4 °C), 
low (˂3) and high (>11) 
pH, trypsin (100 μg at pH 
8) and pepsin (50 μg at pH 
5). 
Half-life (30 °C)=7.3 h 
(L2) and 5.1 h (B). 
1.3.3. Regulation of genes and enterotoxin production 
Phospholipase C regulator (PlcR) is a pleiotropic regulator that controls the 
transcription of various extracellular virulence factors in B. cereus group (Agaisse et al., 1999, 
Salamitou et al., 2000, Gohar et al., 2008). It has been suggested that more than 100 genes of 
B. cereus may be under the control of PlcR (Ivanova et al., 2003, Rasko et al., 2005). B. 
anthracis has a non-functional PlcR, which explains the distinct extracellular profile compared 
to B. cereus and B. thuringiensis (Gohar et al., 2005) and the lack or reduced expression of 
PlcR-controlled degradative enzymes and presumptive enterotoxins (Mignot et al., 2001). It 
has been shown that certain point mutations on the PlcR box may affect the activity of PlcR, 
while others do not (Gohar et al., 2008). 
Production of Nhe, Hbl and CytK is positively controlled by the PlcR-PapR quorum 
sensing complex (Slamti & Lereclus 2002, Brillard & Lereclus 2004, Slamti & Lereclus 2005, 













production (Gohar et al., 2002), other mechanisms may be involved. Transcriptional and 
translational regulation, as well as secretion defects may affect the production of proteins 
(Vörös et al., 2014).  
Specific growth rate and motility (Duport et al., 2004, Fagerlund et al., 2010, Salvetti 
et al., 2011), as well as environmental factors, such as temperature, pH, nutrient availability 
and redox potential have been found to affect enterotoxin production (van der Voort et al., 2008, 
Arnesen et al., 2011, Clair et al., 2013).  
For many of these factors contradictory results have been obtained for a given 
enterotoxin, possibly because experiments were not performed under the same environmental 
conditions. The regulation is further complicated by the involvement of pleiotropic regulators 
that may affect enterotoxins directly or indirect through the control of other genes. Finally, 
strain-specific variations may also explain discrepancies among studies for the same 
enterotoxin (Clair et al., 2010). It is evident that enterotoxins are under the fine control of a 
complex regulatory system. A simplified scheme demonstrating the regulation of presumptive 














Figure 1-2. Simple representation of the regulation of potential enterotoxins and other virulence 
factors of Bacillus cereus adapted by Ceuppens et al., (2011). [Fur] Ferric uptake repressor; [HlyIIR] 
Haemolysin II regulator; [CcpA] Catabolite control protein A; [Fnr] Fumarate and nitrate reduction 
regulator; [ResDE] Redox-sensitive transduction system; [PlcR] Phospholipase C regulator; [PapR] 
Quorum-sensing signal peptide; [yvfTU] Two component response regulator; [Spo0A] Sporulation 
regulator; [AbrB] Transition state transcription regulator, [PI-PLC] Phosphatidylinositol-specific 
phospholipase C; [PC-PLC] Phosphatidylcholine-specific phospholipase C; [SM-PLC] 
Sphingomyelinase-phospholipase C; [sfp] Subtilase family protease; [NprB] Neutral protease B; 
[NprC] Neutral protease C; [MpbE] Metalloprotease, enhancin; [colA] Collagenase A; [colC] 
Collagenase C. 
2. Methods for detection of Bacillus cereus enterotoxins 
Food safety risk assessment associated with B. cereus is hindered by the complex 
taxonomy within the B. cereus group, the wide distribution of enterotoxin genes (and virulence 
genes) among the members of the B. cereus group and the inter-strain variability in respect to 
the enterotoxin gene profile and enterotoxin production. This has resulted in an extensive 
collection of studies dealing with the detection of enterotoxins in food and food poisoning 
isolates. Polymerase chain reaction (PCR), immunological assays, mass spectrometry and 
cytotoxicity tests have been used commonly to detect bacterial toxins or their genes (Figure 
1-3). In the following sections, we summarize the most relevant properties of available methods 













2.1. Molecular methods 
PCR is the most commonly used method to study B. cereus enterotoxins. The increasing 
reports of foodborne outbreaks associated with B. cereus and the relatively quick evolution of 
the symptoms require rapid detection methods for diagnostic purposes. PCR is an automated 
technique that is usually performed within few hours (Law et al., 2015). This explains the 
scientific ‘bias’ towards PCR in respect to detection of toxin genes. Another reason is the 
recognised high sensitivity (Erlich 1989, Law et al., 2015): Because amplification occurs 
during repeated cycles, very small amounts of DNA template are required. However, the high 
sensitivity of PCR suggests that it may be susceptible to contamination. Therefore, PCR 
reactions must be performed under controlled conditions and the selected primers have to be 
specific for the targeted DNA.  
Various PCR approaches have been developed or applied for the detection of 
enterotoxin genes from B. cereus (group). Detection is usually performed in pure cultures of B. 
cereus isolates (Samapundo et al., 2011, Forghani et al., 2014, Castiaux et al., 2015) and reports 
of direct detection in foods are spurious (Nooratiny & Sahilah 2013). Although PCR can be 
performed in a simplex format, multiplex systems are preferred for screening of B. cereus as 
they reduce the overall duration of analysis and they are more informative with respect to the 
toxin gene profile of B. cereus isolates. In this respect, two different strategies have been 
followed for the tripartite enterotoxins. In the first strategy, one primer pair is used to target 
each gene of the nhe or hbl operon, i.e. three primer pairs are designed for each enterotoxin 
(Guinebretière et al., 2006, Ngamwongsatit et al., 2008b, Wehrle et al., 2009). In the second 
strategy, one primer pair is used to target an enterotoxin. In the latter case, the primers for hbl 
and nhe amplify one gene, two genes together or the whole operon (Thaenthanee et al., 2005, 
Ehling-Schulz et al., 2006b, Wehrle et al., 2009, Forghani et al., 2014). 
Occasionally, only one or two genes of Nhe or Hbl could be detected in a given strain, 
although all three genes of each operon were targeted (Hansen & Hendriksen 2001, 
Guinebretière et al., 2002, Swiecicka et al., 2006, Samapundo et al., 2011, Owusu-Kwarteng 
et al., 2017). This is unusual considering that genes encoded in an operon co-exist on the 
chromosome (Hansen & Hendriksen 2001, Guinebretière et al., 2002, Ngamwongsatit et al., 
2008b, Wehrle et al., 2009). This discrepancy can be attributed to sequence polymorphism 
observed in the hbl and nhe genes among different B. cereus strains (Beattie & Williams 1999, 
Schoeni & Wong 1999, Hansen & Hendriksen 2001, in't Veld et al., 2001, Guinebretière et al., 












Enterotoxin sequence variations may affect the binding of primers which could result in false 
negative results. Selection of primers based on conserved regions or design of degenerate 
primers (Ehling-Schulz et al., 2006b, Ngamwongsatit et al., 2008b) may reduce or eliminate 
false-negatives. The most notable example of heterogeneous enterotoxin sequences is that of 
the CytK variants, CytK1 and CytK2. Detection of cytK genes often occurs simultaneously 
using a single primer set (Guinebretière et al., 2002, Ehling-Schulz et al., 2006b), however it is 
often not evident which of the variants are present in a strain. Because CytK1 is highly cytotoxic 
compared to CytK2, it is necessary to identify each variant. Guinebretière et al., (2006) 
proposed a duplex PCR method to discriminate among strains that encode for CytK1 and 
CytK2. 
Some studies have demonstrated a good agreement between PCR and immunological 
or cell-based assays (Guinebretière et al., 2002, Thaenthanee et al., 2005, Ngamwongsatit et 
al., 2008b, Wehrle et al., 2009), while others did not observe a satisfying correlation among 
these techniques (Hansen & Hendriksen 2001, Ouoba et al., 2008, Ankolekar et al., 2009, 
Castiaux et al., 2016). Conventional PCR is a qualitative approach used to assess the presence 
or absence of enterotoxin genes, rather than the potential of enterotoxin expression or actual 
production, the toxin level or the (entero-)pathogenicity. In this respect, PCR methods may 
overestimate the eventual risk associated with enterotoxins of B. cereus (Wijnands et al., 
2006a). 
2.2. Immunological methods 
In order to determine the potential risk associated with enterotoxins, direct methods 
should be employed to assess the ability of B. cereus to produce enterotoxins and determine the 
type of enterotoxin produced. Unlike cereulide, all enterotoxin components are antigenic, 
therefore immunoassays can be used to determine their presence in a sample. Immunological 
techniques are as popular as PCR methods (Day et al., 1994, Hansen & Hendriksen 2001, 
Guinebretière et al., 2002), because they are also rapid and sensitive. These properties make 
them suitable for research and routine analysis. The sensitivity and specificity of the 
immunoassays depends on the quality of the antibodies, i.e. their binding strength to the targeted 
antigen (Law et al., 2015).  
At this moment, three immunoassays are marketed for the detection of Nhe and Hbl, 
however no commercial immunological kit exists for CytK. An overview of the characteristics 













Table 1-7. Overview of important characteristics of commercial immunoassays for Bacillus cereus 
enterotoxins. [Duopath] Duopath cereus enterotoxins; [BDE VIA] Bacillus diarrheal enterotoxin 
visual immunoassay; [BCET RPLA] Bacillus cereus enterotoxin reversed passive latex 
agglutination; [LFIA] Lateral flow immunoassay; [ELISA] Enzyme-linked immunosorbent assay; 
[RPLA] Reversed passive latex agglutination; [a] Information according to the manufactures and 
scientific reports; [b] The detection limit is 5 ng/mL for a pure 40-kDa protein (NheA) and ca. 2 
ng/mL for a 40- and 41-kDa protein mixture (NheA and possibly NheB); [c] The limit of detection 
according to the manufacturers. Sources: (Beecher & Wong 1994b, Tan et al., 1997, Krause et al., 
2010, Ceuppens et al., 2012a). 
                     Kit 
Property 
Duopath BDE VIA BCET RPLA 
Company Merck Millipore 3M Tecra Oxoid 
Principle LFIA Sandwich ELISA RPLA 
Antibodies Monoclonal Polyclonal Polyclonal 













media and faeces. 
Measurement Visual Visual or absorbance Visual 
Detection Qualitative Semi-quantitative Semi-quantitative 
Limit of 
detection 
6 ng/mL (NheB) and 
20 ng/mL (L2) 
(1 CFU)b 
2-5 ng/mLb 
> 1 ng/mLc 
0.6 ng/mL 
> 2 ng/mLc 
(100 CFU/mL)c 
Reactions/kit 25 46 (+2 controls) 96 
Sample size (μL) 150 200 50 
Duration 
0.5 h (only for the 
run) 
4 h (foods) 
ca. 20 h (culture) 
20 h 
Cost/sample 14 euro 12 euro  19 euro 
Miscellaneous 
No interferences with 
food, but they cannot 
be excluded. 
 
Fatty and turbid 
foods interfere. 














The Bacillus Diarrheal Enterotoxin Visual ImmunoAssay (BDE VIA™, 3M Tecra) is 
based on the principle of the enzyme-linked immunosorbent assay (ELISA). The BDE VIA kit 
employs polyclonal antibodies to detect the Nhe component (Krause et al., 2010, Ceuppens et 
al., 2012a). These polyclonal antibodies cross-react with other non-targeted exotoxins of B. 
cereus with masses from 40 to 114 kDa and thus generate false-positives (Beecher & Wong 
1994b, Lund & Granum 1996). Nevertheless, the highest sensitivity was observed towards two 
low molecular mass components, NheA (5 ng/mL) and possibly NheB (Beecher & Wong 
1994b, Krause et al., 2010, Ceuppens et al., 2012a).  
The Bacillus cereus Enterotoxin Reversed Passive Latex Agglutination (BCET RPLA, 
Oxoid) assay is used for detection of the L2 component of Hbl (Beecher & Wong 1994b, 
Ceuppens et al., 2012a). According to the manufacturer, non-specific agglutination may be 
observed. This immunological assay is also based on polyclonal antibodies. The RPLA kit can 
detect all three Hbl components, although the sensitivity for L2 is 1000 and 4000 times higher 
than that of B and L1, respectively (Beecher & Wong 1994b). Assessment of simulated gastric 
and intestinal media with this immunoassay demonstrated false-positives (matrix interference) 
that were eliminated by two-fold dilutions of the media (Ceuppens et al., 2012a). 
A lateral flow immunoassay (LFIA), namely Duopath® cereus Enterotoxins (Merck 
Millipore), is also available. One of the advantages of Duopath compared to the other 
commercial kits is that it can independently detect both Nhe (NheB) and Hbl (L2) with a single 
device using monoclonal antibodies (Dietrich et al., 2005). The latter are recommended to 
improve the specificity of immunoassays and increase the confidence in detection (Zhao et al., 
2014). However, the documented heterogeneity of Hbl and Nhe sequences may not be 
represented by these monoclonal antibodies. A notable example is the failure of Duopath to 
detect the presence of Nhe in B. cytotoxicus NVH 0391/98 (Krause et al., 2010), because the 
strain carries a unique Nhe sequence (Fagerlund et al., 2007).  
All kits are portable and they do not require any particular instrumentation. They are all 
rapid tests, although an enrichment is often required to improve detection (Krause et al., 2010). 
This may increase the duration of the assay up to one or two days. The positive controls 
provided with BDE VIA and BCET RPLA generated positive reactions in Duopath (Ceuppens 
et al., 2012a) suggesting that a single kit could replace the others. Ceuppens et al., (2012a) 
showed that Duopath was ten times less sensitive for L2 than BCET RPLA, while it was ten 
times more sensitive for Nhe than BDE VIA. The latter contradicts the information on the 













Duopath is used to determine the presence or absence of enterotoxins (qualitative 
approach), while BDE VIA and BCET RPLA are more informative in respect to the relative 
abundance of enterotoxins in different samples (semi-quantitative approach). Therefore, the 
selection of one of these kits depends on the application. For example, Guinebretière et al., 
(2002) showed higher production of Hbl and Nhe in food poisoning strains than in food isolates 
using BCET RPLA and BDE VIA, respectively. These kind of conclusions could not be reached 
with the Duopath kit. Castiaux et al., (2016) suggested that the cytotoxicity of different strains 
was not related to the presence of Hbl or Nhe as determined by Duopath. In the latter study, a 
relationship between the cytotoxic titer and the level of Hbl and Nhe production could not be 
investigated, because Duopath cannot account for differences in production of Hbl or Nhe 
among strains. 
With the lack of better alternatives, the use of immunological assays is recommended 
over nucleic acid methods. However, detection of only one component of each enterotoxin 
complex is not sufficient to guarantee that all Nhe or Hbl components will be produced (Kumar 
et al., 2008). This is necessary, because all three components of Nhe and Hbl are required to 
confer a significant biological effect. Interestingly, Kumar et al., (2008) raised antisera against 
all the three Hbl components of B. cereus ATCC 14579 using a chimeric Hbl expressed in E. 
coli as a single fusion gene. In order to overcome the quantitative limitation of immunological 
methods, Moravek et al., (2006) used purified L2 and NheB to construct standard curves for 
quantification of Hbl and Nhe produced in B. cereus isolates from different origins based on 
monoclonal antibodies. The authors demonstrated a strain-dependent ability to produce 
enterotoxins. Despite these exceptional studies, the main challenges of commercial 
immunoassays persist and reliable tools for detection and quantification of enterotoxins are 
needed. 
2.3. Mass spectrometry 
The growing awareness of consumers for food safety and food quality and the concerns 
of the health authorities for inadequate control of foodborne outbreaks have increased the 
demand for more efficient and powerful tools to determine hazards associated with food 
consumption. Such an example is mass spectrometry (MS) that has been widely employed to 
determine the safety and quality of foods (reviewed by Wang et al., (2013)).  
The development of soft ionization techniques, i.e. electrospray ionization (ESI) and 












identification, structural information and quantification of macromolecules, such as proteins 
(Cole 2010). A comprehensive review on the MS principles can be found in El-Aneed et al., 
(2009). In brief, ions generated in the ionization source (MALDI or ESI) are separated 
according to their mass to charge ratio in the mass analyser. Tandem systems (MS/MS) contain 
two mass analysers (MS1 and MS2) separated by a collision cell. Precursor ions selected or 
scanned in MS1 collide with a high pressure gas (usually helium) in the cell and the generated 
fragmented ions are selected or scanned in MS2. Tandem MS is a powerful tool for the 
determination of the chemical structure of the analyte.  
Two main strategies are employed for protein identification and characterization 
(Cunsolo et al., 2014): ‘bottom-up’ strategies are based on (in-solution or in-gel) digestion of 
large proteins followed by liquid chromatography (LC)-MS analysis of the resulting peptides, 
while ‘top-down strategies’ are used for the analysis of intact proteins (below ca. 20 kDa). Prior 
to this, proteins may be fractionated using a gel-based or gel-free approaches.  
Tandem MS is very popular for targeted detection and quantification of peptides based 
on single reaction monitoring (SRM). In SRM experiments, a pre-selected (by the user) 
precursor ion of a peptide and one of its fragment ions are monitored by two static mass filters 
(MS1 and MS2) of a triple quadrupole instrument (Cohen Freue & Borchers 2012). The 
precursor/fragment ion pair is known as an ‘SRM transition’ of the targeted peptide. Usually, 
multiple fragment ions from one or more preculsor ions are monitored (to increase the 
specificity of detection) in an approach called multiple reaction monitoring (MRM). 
Quantification is performed using stable isotope-labelled peptides as internal standards (Scott 
et al., 2015). 
MS is increasingly used to study bacterial toxins involved in food poisoning (that are 
usually peptides or proteins), such as cereulide (Bauer et al., 2010, Biesta-Peters et al., 2010, 
Delbrassinne et al., 2012), staphylococcal enterotoxins (Adrait et al., 2012, Andjelkovic et al., 
2016) and botulinum neurotoxin (Barr et al., 2005, Boyer et al., 2005). The preference for these 
analytical methods in the frame of food safety is justified by the high sensitivity (down to 
femtomoles or attomoles), accuracy and high throughput (Cunsolo et al., 2014).  
MS has been also employed to characterize the extracellular proteome of B. cereus 
ATCC 14579T (Table 1-8). In these studies, CytK and at least two components of Nhe and Hbl 
could be detected simultaneously. Evidently, this is an improvement over the commercial 
immunoassays that can detect only one component of Hbl and/or Nhe, and cannot detect CytK 
(Section 2.2 of this chapter). Although enterotoxins were not specifically targeted, these studies 













CytK. Clair et al., (2010) showed for the first time that detection of the low abundance NheC 
enterotoxin is possible using high resolution MS, which demonstrates the suitability of these 
methods for the study of enterotoxins. 
Gohar et al., (2002) and Gilois et al., (2007) used the volume of specific spots of 2-D 
electrophoresis to determine the relative abundance of enterotoxins in a sample. It was shown 
that enterotoxins comprised an important part of the B. cereus ATCC 14579T secretome (ca. 
14%) (Gohar et al., 2002), but their production was growth-dependent (Gilois et al., 2007). 
These approaches, although valuable, cannot be used for accurate quantification of enterotoxins 
or other proteins.  
In a more quantitative approach, LC-MS/MS (label-free) was used to explore the role 
of redox conditions (Clair et al., 2010) and the export membrane protein SecDF (Vörös et al., 
2014) in protein secretion by B. cereus ATCC 14579T. Different spectral count approaches 
(based on the total number of MS/MS spectra matching peptides of a particular protein) were 
used to determine the relative quantity of proteins (and potential enterotoxins) in culture 
supernatant under the different conditions compared. These approaches may be useful to 
evaluate variations in enterotoxin production among different strains or conditions.  
Application of MS is often restricted by the sample preparation. Gel-based methods 
may increase the cost, labor and time required to complete an analysis. Furthermore, they are 
not recommended for quantification of proteins, because of the losses of protein during sample 
preparation and the irreproducible extraction of peptides from the gels. Most of the studies 
described in Table 1-8 are based on gel electrophoresis. However, Vörös et al., (2014) used in-
solution digestion to determine secreted proteins. Such approaches are more desirable for food 
safety applications. In any case, the various setups offered (instrumentation) and the wealth of 
the information they can provide, makes MS methods a versatile tool for the study of food 
poisoning toxins. Despite this, there is no MS-based approach for specific (targeted) detection 
and quantification of B. cereus enterotoxins, which is essential to perform food safety risk 






Table 1-8. Overview of mass spectrometry studies that identified enterotoxins produced by strains of the Bacillus cereus group. [T] Type strain; [ΔplcR] 
Strain deficient in PlcR (Phospholipase C regulator); [ΔsecDF] Strain deficient in SecDF (export membrane protein); [Cry-] Crystal toxin-deficient strain; 
[LB] Luria (Bertani) broth; [LBG] LB supplemented with glucose; [MODG] Minimal medium with glucose; [2-DE] Two-dimensional gel electrophoresis; 
[SDS-PAGE] Sodium dodecyl sulfate polyacrylamide gel electrophoresis; [MALDI] Matrix-assisted laser desorption/ionization; [TOF] Time-of-flight; [LC] 
Liquid chromatography; [PMF] Peptide mass fingerprinting; [DDA] Data-dependent acquisition; [MRM] Multiple reaction monitoring; [LTQ] Linear trap 
quadrupole; [*] The studied strains encode for CytK2 (Guinebretière et al., 2006); [1] Gohar et al., (2002); [2] Gohar et al., (2005); [3] Gilois et al., (2007); 
[4] Clair et al., (2010); [5] Vörös et al., (2014). 
Study objective Strains used Time point Medium Methodological approach Enterotoxin detected 
Role of PlcR in protein 
secretion by B. cereus1 
B. cereus ATCC 
14579T and ΔplcR 
mutant 







NheA, NheB,  
Hbl (L2, B), CytK* 
Comparison of B. 
cereus, B. anthracis and 
B. thuringiensis 
secretome2 
B. cereus ATCC 
14579T and B. 
thuringiensis 407 Cry- 








Hbl (L2, L1, B), CytK* 
Growth-related 
variations in protein 
secretion by B. cereus3 
B. cereus ATCC 
14579T 
1 h before and 5 h 







NheA, NheB,  
Hbl (L2, B), CytK* 
Effect of redox 
conditions on the 
secretome of B. cereus4 











NheA, NheB, NheC, 
Hbl (L2, L1, B), CytK* 
Role of SecDF in 
protein secretion by B. 
cereus5 
B. cereus ATCC 











NheA, NheB,  













2.4. Biological assays 
Enterotoxins of B. cereus may cause diarrhea by disrupting the integrity of the intestinal 
epithelium. The observed biological effect depends on different parameters, including the 
concentration of the toxin, the type(s) of toxin present and the activity of these toxins. Thus, 
assessing these parameters is important to establish the involvement of enterotoxins in food 
poisoning. In this respect, bioassays are used to observe cause-effect interactions in vivo or in 
vitro.  
In vivo approaches based on animal models are the most relevant systems used to 
approximate the effect of a component on humans, because physiological interaction are taken 
into consideration (Hartung & Daston 2009). Common strategies involve oral administration 
or injection of a component to the organ of interest, e.g. subcutaneous injection. In the former 
case, a systemic effect may be induced, while in the latter case a local effect is usually studied. 
B. cereus enterotoxins administrated orally would be degraded during gastrointestinal passage 
(Granum 2005, Stenfors Arnesen et al., 2008), which may explain the lack of such approaches 
for enterotoxins. Among the three presumptive enterotoxins discussed in this thesis, only the 
effect of Hbl has been studied in vivo. Hbl demonstrated fluid accumulation in ileal loops 
(Shinagawa et al., 1991a, Beecher et al., 1995b, Beecher & Wong 1997), as well as vascular 
permeability in rabbit skin and necrosis in both rabbit or guinea pig skin (Glatz & Goepfert 
1973, Glatz et al., 1974, Beecher & Wong 2000a). However, the increasing ethical concerns 
voiced by animal right organizations do not justify the use of in vivo models (Hartung & Daston 
2009), especially when in vitro approaches have not been fully explored. 
Cell cultures are the closest alternative to mimic in vivo conditions. Determination of 
cell viability and cytotoxicity is based on various cell functions, such as enzyme activity, cell 
membrane permeability, ATP production etc. Various types of cell lines have been used to 
determine the toxicity of enterotoxins, such as CHO (Ngamwongsatit et al., 2008a), Caco-2 
(Hardy et al., 2001), GH4 (Haug et al., 2010), HT29-MTX (Castiaux et al., 2016), HeLa (Gilois 
et al., 2007), and Vero cells. Vero cells (normal epithelial cells from the kidney of monkey) are 
by far the most common choice among the presented cell lines (Lund et al., 2000, Moravek et 
al., 2006, Fagerlund et al., 2007, Lindback et al., 2010, Jessberger et al., 2014), possibly due 
to the relatively ease of cultivation and the sensitivity to various molecules (Lund & Granum 
1996, Castiaux et al., 2016). Nevertheless, small intestinal or colon epithelial cell lines, such as 












enterotoxins act on the intestinal surface. Caco-2 cells were more sensitive to CytK1 than Vero 
cells (Lund et al., 2000, Hardy et al., 2001, Fagerlund et al., 2004, Jessberger et al., 2014). 
Castiaux et al., (2016) suggested that differentiated Caco-2 cells may be more resistant to toxins 
than proliferating cells. However, non-differentiated Caco-2 cell lines are most often used 
(Hardy et al., 2001, Jessberger et al., 2014) resulting in overestimation of the B. cereus 
cytotoxicity compared to the mature cell lines (Castiaux et al., 2016).  
Usually, cell-free culture supernatants are used to evaluate the cytotoxic effect of B. 
cereus enterotoxins. However, B. cereus produces various extracellular proteins that may be 
involved in toxicity and virulence (Gohar et al., 2002) and may contribute to the overall toxicity 
towards cell lines. In addition to this, B. cereus strains often encode for and express multiple 
enterotoxins, which make it difficult to assess the effect of a specific enterotoxin on a cell line. 
These suggest that biological assays may lack specificity (Wehrle et al., 2009). 
Nevertheless, Jessberger et al., (2014) demonstrated that the contribution of virulence 
factors other than enterotoxins in cytotoxicity is negligible, especially for the B. cereus strains 
and the cell lines tested. Additionally, HUVEC endothelial cell lines were highly selective for 
Nhe (more the 90% of cytotoxicity was caused by Nhe), while A549 epithelial cell lines were 
more susceptible to Hbl (75% of toxicity was caused by Hbl) compared to the other (10 in total) 
cell lines tested. The distinct sensitivity of these cell lines can be used to assess the cytotoxic 
specific effect of Hbl and Nhe in different strains. It is important to remember that extrapolation 
of these results to in vivo situations should be done carefully, because in vitro results are 
difficult to validate.  
Generally, cytotoxicity to Vero cells correlated well with immunological assays 
assessing the production of NheB, as well as the L1 and the B component of Hbl (Moravek et 
al., 2006, Jessberger et al., 2014). This was not the case for the L2 component of Hbl (Moravek 
et al., 2006). In this respect, the effect of heterogeneous enterotoxins on antigeneity and/or 
cytotoxicity needs to be investigated. 
 
It is apparent that none of the methods described above can be used as a ‘golden 
standard’ to study enterotoxins. Food safety risk assessment to determine the role of Hbl, Nhe 
and CytK in food poisoning requires a consortium of well-designed methods that range from 














Figure 1-3. Methods available for detection and quantification of presumptive enterotoxins of 
Bacillus cereus. 
3. Behaviour of Bacillus cereus during gastrointestinal passage 
B. cereus-induced diarrhea is caused by ingestion of food contaminated by toxicogenic 
B. cereus that are able to produce de novo enterotoxins in the intestine of the host, therefore it 
is categorised as toxico-infection. For this purpose, the presence of viable vegetative cells 
and/or spores in foods is required. It is not clear if enterotoxins are present in foodstuffs at the 
moment of consumption, however pre-formed enterotoxins probably do not contribute to food 
poisoning, because they are unstable to the conditions encountered in the gastrointestinal tract 
(section 3.1 to 3.3 of this chapter). 
After food consumption, bacteria encounter a plethora of gastrointestinal hurdles 
constituted by the host’s natural defences against microbial colonization. The mode of action 
of toxico-infections requires that B. cereus remains viable during gut transit, i.e. it has to resist 
and adapt to the physicochemical factors of the upper gastrointestinal tract. Furthermore, B. 
cereus should germinate (if spores are present) and/or grow to sufficient cell densities for 
enterotoxin production. The presence of functional enterotoxins in sufficient (enterotoxic) 
amounts is required to form pores on the enterocytes and cause diarrhea.  
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In the following sections, we describe the behaviour of B. cereus under conditions 
simulating the gastrointestinal tract. 
3.1. Mouth 
Humans secrete more than 1-1.5 L of saliva daily, which consist of water (>99%), 
electrolytes, digestive enzymes (mainly amylase, but also lipase and pepsin), mucus, 
antimicrobial factors (e.g. immunoglobulin A, lysozyme) etc. (Del Vigna de Almeida et al., 
2008, Rhoades & Bell 2008).  
Very little is known about the effect of saliva on B. cereus. It has been shown that both 
spores and vegetative cells survive in vitro simulation of mouth conditions (Ceuppens et al., 
2012b, Ceuppens et al., 2012d). On the other hand, Tenovuo et al., (1985) demonstrated that 
oxidation products of saliva peroxidase systems can inhibit the growth of B. cereus. 
Nevertheless, it remains unclear if this effect would be significant within minutes that 
corresponds to the retention time in the mouth.  
The stability of B. cereus enterotoxins in the mouth has not been investigated.  
3.2. Stomach 
The stomach secretes more than 2 L gastric juice per day that contains mainly water, 
hydrochloric acid, enzymes (pepsinogen, gastric lipase), mucus, electrolytes etc. (Soybel 2005, 
Rhoades & Bell 2008). Hydrochloric acid reduces bacterial colonization, converts pepsinogen 
into pepsin and aids in the digestion of protein by reducing the pH of the stomach below 2.0, 
which is the optimal pH required for maximal activity of pepsin.  
The concentration of pepsin depends on meal size, gastric emptying and secretion rates 
in time (Bellmann et al., 2016). The gastric pH depends on the rate of acid secretion and the 
buffer capacity of the meal. The pH at fasted-state is approximately 2.0 and it increases 
drastically to more than 4.5 during food consumption (Dressman et al., 1990). There is a large 
inter- and intrapersonal variability in the gastric conditions, that can be affected by the age, 
health, gender etc. (Hasler 2003, Lin et al., 2005). All these factors may have an effect on the 
bacteria during gastric passage.  
Spores of B. cereus are more acid resistant than vegetative cells (Clavel et al., 2004, 
Ceuppens et al., 2012c). While most spores survive, approximately 10% of the vegetative cells 
persist after exposure to low pH (Clavel et al., 2004, Wijnands et al., 2006b, Ceuppens et al., 












remain viable when modeling gastric passage of B. cereus using parameters relevant for elderly 
people. Similar survival (ca. 30%) was demonstrated during a 2-hour incubation of B. cereus 
in gastric medium at pH 4.0 (Ceuppens et al., 2012e). Overall, vegetative cells in stationary 
phase are less affected by a simulated gastric environment than those in exponential phase (pH 
≤ 4) (Clavel et al., 2004, Wijnands et al., 2009, Ceuppens et al., 2012e), probably due to the 
presence of higher amounts of spores. Additionally, psychrotolerant strains are generally more 
labile than mesophilic stains (Wijnands et al., 2009).  
The type of food and the extent of acidity are important factors in determining the 
survival of B. cereus in the stomach (Clavel et al., 2004, Ceuppens et al., 2012c, Berthold-Pluta 
et al., 2014). It is possible that food creates a protective microenvironment (local pH, adhesion 
to food particles; Pal et al., (2008)) that allows for safe passage of a microbial subpopulation 
into the small intestine. Food gradually passes to the small intestine in fractions along with 
bacteria. Fractions that pass first through the stomach are exposed to higher pH values than 
subsequent fractions. Because of this, the overall survival of B. cereus in the stomach is 
determined by the initial fractions (Wijnands et al., 2009, Ceuppens et al., 2012c). 
B. cereus can induce acid tolerance response (ATR). Exposure to mild acidic conditions, 
e.g. pH 5.0 to 6.3, increases the resistance of vegetative cells to low pH, e.g. pH 4.0 to 4.6 
(Browne & Dowds 2002, Jobin et al., 2002, Thomassin et al., 2006, Senouci-Rezkallah et al., 
2011). Interestingly, exposure of B. cereus to other stresses, such as salt, heat, ethanol, hydrogen 
peroxide, reduced oxygen etc. may also enhance the survival of B. cereus at low pH (Browne 
& Dowds 2002, Mols et al., 2009). Therefore, stresses imposed to limit food contamination 
during food preparation, such as heat processing and acidification, may result in improved 
tolerance of B. cereus to the stomach environment. 
The effect of pepsin on the viability of B. cereus during simulated gastric transit has not 
been investigated thoroughly. Wijnands et al., (2005) showed that addition of pepsin (1g/L) to 
simulated gastric fluid at pH 4.0 resulted in a decrease in D-values of stationary phase B. cereus. 
The effect was more pronounced for psychrotrophic than mesophilic strains. In contrast, 
exponential phase cells showed an overall increase of the D-values at pH 4.5 in the presence of 
pepsin (ca. 60%). Although, the activity of pepsin is higher at low pH (maximal activity at pH 
1.5), differences in D-values in the presence and absence of pepsin were less apparent.  
B. cereus enterotoxins are considered labile to low pH and protease activity, such as 
pepsin (Shinagawa et al., 1991b). Degradation of Hbl and Nhe occurred within 30 min in gastric 












3.3. Small intestine 
3.3.1. Host secretions 
Bacteria that survive the hurdles imposed by the stomach arrive in the small intestine, 
which consists of the duodenum, the jejunum and the ileum (Marieb 2004).  
Bile is one of the first obstacles encountered in the small intestine. It is secreted from 
the liver to the duodenum (0.5 to 1 L per day) and contains mainly bile acids (Sjovall 1959, 
Hay & Carey 1990, Ellis et al., 1998) that are almost entirely conjugated with glycine (ca. 75%) 
or taurine (ca. 25%) (Warren et al., 2006). Conjugation depends on the species (e.g. adult cats 
conjugate their bile acids almost exclusively with taurine, while glycine is preferred in adult 
humans), diet (e.g. a casein-based diet resulted in taurine deficiency in cats), age (e.g. taurine 
conjugation is the preferred route of bile acid conjugation in young children, but not in adults) 
and certain diseases (e.g. patients with ileal diseases have higher glycine to taurine conjugation 
ratio) etc. (Sjovall 1959, Rabin et al., 1976, Hardison & Grundy 1983, Chesney 1985, Takikawa 
2017). Conjugated bile salts can emulsify dietary fats thus increasing their solubility in order 
to facilitate digestion and absorption (Marieb 2004). At high concentrations, bile salts exhibit 
a bactericidal effect, while at low concentrations they affect membrane permeability and 
fluidity or change the hydrophobicity and the zeta potential (Flahaut et al., 1996, Begley et al., 
2005, Merritt & Donaldson 2009). The concentration of bile salts is not constant and varies 
from 2 to 20 g/L depending on the individual, the type, composition and quantity of the food 
ingested etc. (Dawson 1998). In rats, the total concentration of bile acids increased with the 
age, but differences were observed among the classes of bile salts (e.g. conjugated versus 
unconjugated) (Lee et al., 2016). Individual bile acid concentration in fasting plasma decreased 
in men with age, but in most cases, no effect or a slight increase was observed in women 
(Frommherz et al., 2016).  
Pancreatic juice (up to 1.5 L daily) is secreted from the pancreas to the duodenum and 
is responsible for the digestion of macromolecules in the proximal part of the intestine. 
Pancreatic juice contains pancreatic amylase, lipase and inactive proteases that are activated in 
the duodenum by brush border enzymes (trypsin) and, in turn, by the activated trypsin 
(chymotrypsin, carboxypeptidase). The pancreatic digestive enzymes require a neutral to 
slightly alkaline pH for optimal activity, which is established by the bicarbonate ions present 












1996) and the proteases present may affect the stability of B. cereus enterotoxins (Shinagawa 
et al., 1991b). 
Spores of B. cereus ATCC 14579 were more resistant to the presence of bile than mid-
exponential phase vegetative cells (Kristoffersen et al., 2007, Ceuppens et al., 2012d). Actually, 
spores were generally not affected by 10 g/L bile, while vegetative cells could only grow in LB 
plates supplemented with 0.05 g/L bile (Kristoffersen et al., 2007). Similar sensitivity was 
observed among vegetative cells of 40 strains from the B. cereus group (Kristoffersen et al., 
2007). Various studies have demonstrated that B. cereus spores can germinate and grow in 
simulated intestinal environments in the presence of less than 5 g/L bile (Wijnands et al., 2006b, 
Ceuppens et al., 2012b, Ceuppens et al., 2012d, Ceuppens et al., 2012e, Vaz et al., 2012), but 
germination is inhibited at higher concentrations of bile (Ceuppens et al., 2012d). The 
outgrowth of spores from mesophilic strains in intestinal media was generally faster than that 
from psychrotrophic strains (Wijnands et al., 2006b). The effect of bile on vegetative cells was 
more pronounced at high concentrations and at acidic pH (Ceuppens et al., 2012d). Although 
an instant antimicrobial effect of bile on vegetative cells of B. cereus NVH 1230/88 was 
observed, B. cereus could recover and grow in the presence of 1 g/L bile in Tryptone Soya 
Broth at neutral pH, but not at higher concentration of bile (5 to 10 g/L bile). Outgrowth of B. 
cereus starts within 2 h after exposure to intestinal media (Wijnands et al., 2006b, Ceuppens et 
al., 2012d). The extent of outgrowth (and germination) in intestinal media is affected by the 
type of food present (Clavel et al., 2007, Vaz et al., 2012). 
Overall, pre-exposure to gastric fluid at pH 2.5 was shown to enhance the germination 
of mesophilic strains (Wijnands et al., 2006b), while pre-exposure of B. cereus ATCC 14579 
vegetative cells to 0.05 g/L bile did not increase the tolerance to concentrations up to 1 g/L 
(Kristoffersen et al., 2007). In the presence of bile salts, B. cereus induced a general and a bile-
specific stress response. The latter included upregulation of multidrug exporters and 
transcriptional regulators and down-regulation of motility genes and occasionally putative 
virulence factors (Kristoffersen et al., 2007). 
Most studies simulating the behaviour of B. cereus in the small intestine incorporate 
both bile and pancreatin in there formulation of their media. Nevertheless, the effect of bile has 
been more extensively studied (Clavel et al., 2007, Kristoffersen et al., 2007, Ceuppens et al., 
2012d). Wijnands et al., (2005) showed that the effect of bile alone was more pronounced on 
the generation times of B. cereus than the effect of pancreatin alone. Except for stationary 
psychrotrophic bacteria, the combined effect of bile salts and pancreatin was smaller than that 












B. cereus enterotoxins are considered to be labile to the protease activity of trypsin and 
chymotrypsin (Turnbull et al., 1979, Shinagawa et al., 1991b, Granum et al., 1993). Ceuppens 
et al., (2012a) showed that Nhe and Hbl were unstable during incubation in intestinal medium 
at pH 6.5. None of the enterotoxins could be detected after 2 h of incubation. An even more 
rapid degradation of enterotoxins (less than 30 min) was observed by Wijnands et al., (2005). 
Hbl and Nhe were not produced in the presence of simulated intestinal medium (Ceuppens et 
al., 2012a), while Clavel et al., (2007) showed for the first time that production of Hbl is 
possible in the presence of bile. 
3.3.2. Other factors 
In addition to host secretions, other factors, such as oxygen limitation may affect the 
survival. B. cereus is a facultative anaerobic bacterium therefore, it can grow under both aerobic 
and anaerobic conditions. Nevertheless, aerobiosis enhanced the growth rate of different B. 
cereus strains compared to microaerophilic or anaerobic conditions (Spira & Silverman 1979, 
Rosenfeld et al., 2005, Mols et al., 2009). Despite the effect on growth, production of Hbl and 
Nhe is increased in anaerobic environments, because gene expression is down-regulated by 
atmospheric oxygen (van der Voort & Abee 2009). In contrast, oxygen availability does not 
clearly affect the gene expression of cytK (van der Voort & Abee 2009). The redox potential 
under anaerobiosis is important in enterotoxin production. Expression of hbl and nhe is 
enhanced at low redox potential (- 148 mV versus 45 mV), but the effect is more pronounced 
for hbl (x8 fold) than nhe (x2.5 fold) (Zigha et al., 2006). 
Another barrier to bacterial infection is the immune system of the host. Very few studies 
have been performed to assess interactions between immune molecules and B. cereus. Ramarao 
& Lereclus (2005) have shown that spores and vegetative cells of B. cereus are able to escape 
from macrophages. Although, the exact mechanism is not known, metalloprotease InhA1 
present in the spore exosporium and haemolysin II produced by B. cereus may be necessary for 
escaping immune cells. An InhA1 deletion mutant remained trapped in the macrophages 
(Ramarao & Lereclus 2005), while haemolysin II caused apoptosis of macrophages (Tran et al., 
2011). An overview of the possible interactions between B. cereus and the immune system is 
presented in Tran & Ramarao (2013). 
The presence of commensal microbiota is one of the last host defenses used to prevent 
the colonization of pathogens. After absorption of bile salts, a significant microbial population 












unfavourable environment for foodborne bacteria, because they can, for example, produce 
antimicrobial compounds (organic acids, bacteriocins etc.), consume available nutrients or 
occupy specific niches. The effect of commensal bacteria on B. cereus during intestinal 
simulations has been largely neglected. A possible explanation could be that uncovering the 
mechanism of B. cereus toxico-infection may be easier in the absence of intestinal bacteria. 
Additionally, there are methodological limitations associated with the study of B. cereus in 
mixed microbial populations. Various selective conventional and chromogenic media have 
been designed to overcome this challenge (van Netten & Kramer 1992, van Netten & Kramer 
1995). Manittol-Egg yolk-Polymyxin medium (MYP) has been used commonly for this 
purpose, but the presence of other (Gram-positive) microorganisms may mask the characteristic 
growth of B. cereus due to overgrowth and/or acid production (Peng et al., 2001a, Fricker et 
al., 2008, Tallent et al., 2012, Chon et al., 2014). A real time quantitative PCR method targeting 
the nheB gene has been optimized for the detection of B. cereus in the presence of mixed 
intestinal communities (Ceuppens et al., 2010). During gastrointestinal simulations, spores of 
B. cereus were able to germinate, but not grow in the presence of intestinal microbiota 
(Ceuppens et al., 2012b). Nevertheless, the relative concentration of B. cereus and intestinal 
bacteria will determine the ability of B. cereus to grow or not in the simulated ileum (Ceuppens 
et al., 2012e). 
3.3.3. Interaction with the intestinal mucosa 
The studies described earlier are the building blocks to explain the behavior of B. cereus 
in a simulated gastrointestinal environment, but they do not incorporate interactions between B. 
cereus and the intestinal mucosa.  
It has been suggested that adhesion to the small intestine may be involved in B. cereus 
virulence (Andersson et al., 1998, Wijnands et al., 2005, Ceuppens et al., 2013a). Considering 
that vegetative cells are sensitive to gastrointestinal hurdles and spores do not germinate at high 
bile concentration or grow in the presence of intestinal microbiota (Sections 3.3.1 and 3.3.2 of 
this chapter), adhesion may be the mechanism used by B. cereus to persist in the small intestine 
long enough to germinate, grow and produce enterotoxins. Additionally, enterotoxins secreted 
in the proximity of the epithelium may maintain their efficacy as virulence factors, because 
they can cause cytotoxicity before their degradation by intestinal proteases.  
Due to the ethical constrains and the high cost of animal studies, the interactions of B. 












2 cells are often used to mimic small intestinal enterocytes. Caco-2 cells are human colon 
adenocarcinoma cells that during long-term cultivation can spontaneously differentiate and 
express several morphological and biochemical characteristics of small intestinal cells (Sambuy 
et al., 2005).  
Both spores and vegetative cells of B. cereus adhere to Caco-2 cells (Andersson et al., 
1998, Minnaard et al., 2004, Wijnands et al., 2005, Ramarao & Lereclus 2006, Wijnands et al., 
2007). Nevertheless, very few studies have compared the effect of cell physiology (or growth 
phase) on adhesion to small intestinal-like cells. Wijnands et al., (2005) showed an overall 
better adhesion of vegetative cells (0.02 to 14%) than their corresponding spores. The latter 
adhered with approximately 1% efficiency to differentiated Caco-2 cells (Wijnands et al., 2005, 
Wijnands et al., 2007). In contrast, spores of probiotic B. cereus strains attached better to Caco-
2 cells than vegetative cells (Sanchez et al., 2009). Furthermore, Andersson et al., (1998) 
suggested that only spores could adhere to intestinal cell lines.  
A strain-dependent adhesion of B. cereus to Caco-2 and HeLa cells has also been 
demonstrated (Andersson et al., 1998, Minnaard et al., 2004, Ramarao & Lereclus 2006). To 
our knowledge, comparison of pathogenic and non-pathogenic strains of B. cereus has not been 
performed. The limited evidence suggests that strains that produce enterotoxins and are 
cytotoxic to Vero cells do not necessarily adhere better than non-enterotoxigenic/non-cytotoxic 
strains (Andersson et al., 1998). Ramarao & Lereclus (2006) suggested that adhesion and 
cytotoxicity are probably not correlated, but both mechanisms might be important in B. cereus 
pathogenesis.  
The interaction between B. cereus and epithelial cells appears to affect both: For 
example, germination of B. cereus spores was triggered by Caco-2 cells (Andersson et al., 1998, 
Wijnands et al., 2007, Hornstra et al., 2009). Furthermore, enterotoxin gene expression is 
enhanced by components secreted from Caco-2 cells (Jessberger et al., 2017). The components 
that enhance gene expression and germination are eventually consumed, attached or inactivated 
by B. cereus (Wijnands et al., 2007, Jessberger et al., 2017). On the other hand, B. cereus can 
cause various changes on Caco-2 cells (Andersson et al., 1998, Minnaard et al., 2001, Minnaard 
et al., 2004, Ramarao & Lereclus 2006, Medrano et al., 2009). These may include: effacing of 
microvilli, loss of membrane integrity, cytoplasmic leakage, cell necrosis, cell detachment, 
reduction of mitochondrial dehydrogenase activity and alteration of F-actin distribution (protein 
involved in mobility and contraction of cells during cell division). Overall, these damages are 
associated with extracellular factors of B. cereus, although the physical presence of B. cereus 












Nevertheless, the intestinal epithelial cells are not directly exposed to the luminal 
contents, but are covered by a mucus layer that forms a physical and chemical barrier between 
enterocytes and microbiota (Linden et al., 2008, Ouwerkerk et al., 2013). Mucus consists 
mainly of water (ca. 95%) and mucins, as well as, non-specific (e.g. defensins) and specific 
(e.g. immunoglobulins) antimicrobial compounds (Bansil & Turner 2006). The composition 
and the thickness of the mucus layer varies through the gastrointestinal tract (McGuckin et al., 
2011, Juge 2012). Mucins are heavily O-glycosylated (70-80%) proteins consisting of (>100) 
oligosaccharide chains of 5 to more than 15 monomers with moderate branching (Bansil & 
Turner 2006, Linden et al., 2008, McGuckin et al., 2011, Juge 2012). The oligosaccharides 
present in mucins offer multiple potential ligands for bacterial adhesins and can be used an 
energy source by the indigenous or transit microbiota (McGuckin et al., 2011). Considering the 
large surface area of the small intestine (ca. 200 m2) that is covered with mucus, bacteria are 
faced with an enormous potential of adhesion niches.  
B. cereus will first interact with the mucus layer, before gaining access to the intestinal 
epithelium. Because B. cereus-induced diarrhea is a toxin-mediated infection, the bacteria 
themselves do not necessarily require direct contact with the enterocytes to cause disease. 
Nevertheless, B. cereus needs to persist in the small intestine until enterotoxins are produced in 
sufficient concentrations for cytotoxicity prior to inactivation. This may occur through the 
adhesion of B. cereus to the mucus layer. However, the mucin layer has been neglected in 
studies assessing the interaction of pathogenic B. cereus with the intestinal surface in favour of 
the epithelium. In a single study found, mucin adherence of four B. cereus strains isolated 
mainly from probiotic products was investigated (Sanchez et al., 2009). Both spores and 
vegetative cells adhered to mucin, but the former demonstrated higher affinity. Similar to Caco-
2 cells, adhesion to mucin varied among strains. Furthermore, it was suggested that mucin 
adherence of B. cereusCH (the most efficiently adherent strain) increased during growth. A 
flagellin was responsible for attachment of the vegetative cells to mucin. To a lesser extent, 
multiple other proteins were involved in adhesion to mucin, such as an S-layer protein, an 
aminopeptidase and cell wall associated proteases. Expression of the flagellin of B. cereusCH in 
Lactococcus lactis resulted in enhanced mucin adherence and competitive inhibition of the 
adhesion of Salmonella enterica to the same matrix (Sanchez et al., 2011).  
Interestingly, Miura et al., (2005) isolated a B. cereus strain from soil that was able to 
grow on porcine gastric mucin as a sole carbon source. Finally, a study of toxicogenic B. cereus 
showed that the cytotoxic effect of supernatants was not influenced by the presence of mucus-












these sporadic studies, there is no definitive evidence regarding the role of mucin in B. cereus 
pathogenesis. 
3.3.4. In vivo studies 
A few in animal studies have been performed to assess the behaviour of B. cereus in 
vivo.  
Spores and vegetative cells of the enterotoxigenic B. cereus F4433/73 (ca. ≈>108 CFU 
per day) were supplied for four subsequent days to rats with human faecal microbiota (Wilcks 
et al., 2006a). The results showed that although spores were more persistent than vegetative 
cells in the intestine the day after infection, B. cereus was generally not detected two weeks 
later. However, B. cereus was still found (˂103 CFU/g) in the colon of two animals fed with 
either heat-activated spores or vegetative cells. An increase in spore concentration in the faeces 
of one rat was also observed at the end of the experiment. However, none of the intestinal 
samples were cytotoxic to Vero cells. Overall, it was suggested that occasionally B. cereus 
vegetative cells can survive gastrointestinal transit and spores can germinate, grow and 
sporulate in the intestine. 
Another study showed that albino rats infected (orogastrically) with B. cereus 
demonstrated watery or unformed stool, weakness (slow movement, lack of appetite) and loss 
of weight within 2 days after infection (Momoh et al., 2012). Although the authors focused on 
the treatment of the symptoms rather than the persistence of B. cereus in the gut, it is evident 
that B. cereus survived and produced toxins that induced diarrhea. Additionally, B. cereus was 
the cause of the death of chinchillas that demonstrated severe enterocolitis both in the small and 
large intestine (Czernomysy-Furowicz et al., 2000). The animals were not intentionally infected, 
but died from ingestion of contaminated feed.  Strains isolated from the feed and intestines were 
positive to BCET RPLA kit that accesses Hbl production, however no other enterotoxin was 
assessed. 
Weaned piglets were orally challenged with 108-109 spores of B. cereus NVH 0075/95 
(enterotoxigenic strain) supplied with feed or UHT milk (Trapecar et al., 2011). No intestinal 
lesions or diarrhea was observed during the experiment. B. cereus was not recovered from rectal 
swabs and faeces 2 days after ingestion.  
Studies with other strains of the B. cereus group also showed that spores of B. 
thuringiensis only occasionally germinate in the gut of human microbiota-associated rats 












could germinate, grow for multiple cycles and sporulate in germ free rats resulting in 
persistence of high bacterial numbers (for example 106 CFU/g in the caecum and colon) two 
weeks after infection (Wilcks et al., 2007). Finally, Jadamus et al., (2002) showed that B. cereus 
var. toyoi (used as probiotic in animal feed) germinated rapidly in the intestine of broiler 
chicken and suckling piglets.  
From these studies, it is unclear if B. cereus were adhered to mucus or not since the 
collected intestinal samples probably contained both luminal contents and the outer part of 
mucus. Nevertheless, the studies offer some evidence of survival and active metabolism of B. 
cereus in animal models. 
4. Objectives and outline of this research 
 As outlined above, B. cereus is a foodborne pathogen that can cause diarrhea by 
producing different enterotoxins in the small intestine. The increase of foodborne outbreaks 
caused by B. cereus has raised concerns for the management of risk associated with B. cereus 
during food production and storage. Successful control of the hazards arising from the presence 
of B. cereus would require detailed microbial food safety risk assessment. To this end, 
understanding the mechanism of pathogenesis is of utmost importance (Buchanan et al., 2000). 
When studying toxico-infections, such as B. cereus diarrhea, the ability of bacteria to persist in 
the small intestine and their potential for enterotoxin production are key factors in pathogenesis. 
The aim of this dissertation is thus twofold: 
 
PART I: In vitro assessment of the interaction between B. cereus and mucus  
B. cereus spores survive gastric passage, while vegetative cells are more sensitive to the 
low pH of the stomach. Depending on the individual, the type and the amount of food ingested, 
a significant number of vegetative cells may arrive to the duodenum. However, exposure to 
high concentrations of bile and pancreatic juice may inactivate most vegetative cells and delay 
the germination of spores. By the time B. cereus reaches the distal ileum, the bile is absorbed, 
but the presence of indigenous microbiota may hinder the growth of B. cereus. Therefore, a 
specific and protected niche in the small intestine is probably required for food poisoning. 
Attachment of B. cereus to the intestinal mucosa has been proposed as a potential mechanism 
for virulence. Adhesion may allow B. cereus to persist in the small intestine long enough to 
explain why the incubation time for the diarrheal symptoms is often longer than the retention 












may enhance spore germination, protect vegetative cell from inactivation due to exposure to 
the host luminal contents and stimulate enterotoxin production. Enterotoxins may access the 
targeted intestinal epithelium before extensive dilution and degradation occurs. It has been 
shown that B. cereus can adhere to Caco-2 cells that are used to simulate the intestinal 
epithelium. This type of cells does not produce mucus, which is the first physical barrier that 
protects the enterocytes from direct exposure to lumen contents and prevents bacterial adhesion 
to the epithelium. However, the interactions between B. cereus and mucus have been largely 
overlooked. In Part I, we investigate the role of simulated mucus in adherence of B. cereus and 
the implications of adhesion to its pathogenesis. 
Chapter 2. In vitro assay for mucin adherence of B. cereus 
We employ a mucin adhesion assay that was developed in the Center for Microbial 
Ecology and Technology (CMET, UGent, Belgium) to assess the ability of different microbiota, 
including food poisoning B. cereus, to attach to mucin agar. We evaluate two methods for the 
detachment of bacteria from the mucin agar. A chemical method based on Triton X-100 that 
was originally implemented in the mucin adhesion assay and an alternative mechanical method 
using a stomacher. Furthermore, the sensitivity of Gram-positive and Gram-negative bacteria 
to Triton X-100 is examined to determine if the chemical extraction of bacteria from the mucin 
agar has an effect on cell viability. 
Chapter 3. Effect of biotic and abiotic factors on mucin adherence of B. cereus 
The ability of food-poisoning B. cereus to attach to mucus is simulated using the mucin 
adhesion assay described in Chapter 2. In the first place, the effect of pH, oxygen availability 
and media composition (food or intestinal media) on the adhesion of B. cereus to mucin agar is 
investigated. The specific conditions tested represent environmental parameters encountered in 
the gastrointestinal tract. Additionally, the ability of B. cereus to attach to the mucin agar 
surface in the presence of competitive intestinal microbiota is studied. Other biotic factors, i.e. 
strain-specific adhesion and the effect of growth phase, are also considered in Chapter 3.  
Chapter 4. Adhesion of B. cereus to mucin microcosms during gastrointestinal passage 
The attachment of the food-poisoning B. cereus NVH 0500/00 to mucin microcosms is 
evaluated after in vitro exposure to various gastrointestinal hurdles. The ability of this strain to 
produce enterotoxin was studied using a commercial immunoassay. Subsequently, the 
persistence of mucin-adherent B. cereus after simulated gut emptying was determined using a 
mucin adhesion assay described in Chapter 2. Finally, the stability of enterotoxin Nhe to 
intestinal components (bile and pancreatin) in the presence of mucin agar was investigated to 












PART II: Methods for detection and quantification of B. cereus enterotoxins  
Survival, germination and proliferation of B. cereus in the gastrointestinal tract is a 
concern for food safety only if the bacteria involved are pathogenic, i.e. they encode for 
enterotoxins. However, assessing the enterotoxin gene presence is not sufficient to guarantee 
enterotoxin production. The magnitude of the biological effect caused by B. cereus is 
determined by both the type and the quantity of enterotoxin produced. For example, CytK1 is 
more cytotoxic than CytK2, thus more CytK2 must be produced to have an equivalent 
biological effect. The approaches currently used to detect B. cereus enterotoxins lack specificity. 
Because B. cereus may produce a large array of virulence factors, the cytotoxicity cannot be 
correlated directly to enterotoxin production. Additionally, commercial immunological kits 
based on polyclonal and monoclonal antibodies are available for detection of Hbl and Nhe, but 
not for CytK. Application of polyclonal antibodies may result in cross-reactions with other 
proteins (false-positives), while monoclonal antibodies may fail to detect heterogeneous 
enterotoxins (false-negatives). In addition to the limited specificity, these methods offer at best 
semi-quantitative information. Quantitative information is essential to assess the enterotoxic 
potential of B. cereus strains. In Part II, mass spectrometry (MS) is used for specific detection 
and quantification of enterotoxin peptides. Nhe and CytK are selected as case studies.   
Chapter 5. Detection of B. cereus enterotoxin using MALDI-TOF 
In Chapter 5, preparative polyacrylamide 1D electrophoresis is used to fractionate 
proteins obtained after ammonium sulfate precipitation of culture supernatants from different 
pathogenic B. cereus strains. Tryptic digests of selected gel bands with masses similar to those 
of enterotoxins were subjected to MALDI-TOF/MS analysis. Identification was performed 
after probability-based comparison of the experimental data with calculated masses obtained 
by applying cleavage rules to proteins found in public databases. For each enterotoxin, we 
propose peptide biomarkers that can be used for the screening of enterotoxins produced from 
B. cereus isolates involved in foodborne outbreaks. 
Chapter 6. Relative quantification of B. cereus enterotoxin peptides using MRM 
Proteins from culture supernatants of the food poisoning B. cereus strains used in 
Chapter 5 are precipitated with trichloroacetic acid. After in solution digestion, tryptic peptides 
are separated by liquid chromatography coupled online with a QTOF mass spectrometer. Seven 
enterotoxin proteotypic peptides selected after in silico digestion of all components of Nhe and 
CytK are monitored using multiple reaction monitoring (MRM). Quantification of detected 













To conclude, the findings of this dissertation are summarized and discussed in Chapter 
















In vitro assessment of the interactions 






























 Chapter 2 
IN VITRO ASSAY FOR MUCIN ADHERENCE OF BACILLUS 
CEREUS 
Abstract 
Mucin-associated microbiota are in close contact with the intestinal epithelium and may 
have a more pronounced effect on host health. We have previously developed a mucin agar 
assay to simulate initial mucus colonization by intestinal microbial communities. Adherence of 
microbiota was estimated using flow cytometry after detachment with Triton X-100. In this 
chapter, the effect of this detergent on the cultivability of virulent and commensal strains was 
investigated. Mucin attachment of selected strains was evaluated using this adhesion assay. 
Bacteria were dislodged from the mucin surface with Triton or from the whole mucin agar layer 
using a stomacher. Mechanical extraction resulted in 1.24±0.42, 2.69±0.44 and 1.56±0.85 log 
higher plate counts of Lactobacillus rhamnosus, Bacillus cereus and Escherichia coli strains, 
respectively, than the chemical method. The sensitivity to Triton varied among microbial 
species and strains. Among others, Triton inhibited the growth of Salmonella enterica LMG 
10396 and Pseudomonas aeruginosa LMG 8029 on laboratory media, although these bacteria 
maintained their viability during this treatment. Only Gram-positive strains, Enterococcus 
hirae LMG 6399 and L. rhamnosus GG, were not affected by this detergent. Therefore, the 
mechanical method is recommended for the extraction of mucin-adhered bacteria that are 
sensitive to Triton, especially when followed by traditional cultivation techniques. However, 
this approach can also be recommended for strains that are not affected by this detergent, 
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The mucus layer is a physical, chemical and immune barrier that prevents the intestinal 
microbiota from coming in direct contact with the gut epithelium (Linden et al., 2008, 
McGuckin et al., 2011). The major structural components of the mucus layer are mucins that 
comprise a group of heavily O-glycosylated proteins (Bansil & Turner 2006, Lai et al., 2009). 
The abundance and diversity of mucin oligosaccharides represent potential binding sites for 
microbial adhesins (McGuckin et al., 2011, Juge 2012). Adhesion of bacteria to mucin receptors 
ensures prolonged transit time and offers a site of closer contact with the eukaryotic cells. This 
is thought to enhance the beneficial effects of probiotics, such as specific Lactobacillus and 
Bifidobacterium species (Elliott et al., 1998), however it may also contribute to the virulence 
of pathogenic bacteria (Finlay & Falkow 1997, Sharon & Ofek 2000). Therefore, evaluation of 
the adhesion potential of autochthonous and allochthonous microorganisms is of extensive 
scientific interest. 
Several approaches have been developed to investigate bacterial colonization on gut 
surfaces. In vivo studies require expertise and large investments. More importantly, they are 
limited by ethical constraints and the rigidity in sample accessibility, which usually results in 
end-point measurements (Hartung & Daston 2009, Marzorati et al., 2011). On the other hand, 
in vitro adhesion setups can explain the underlying mechanistic basis of in vivo observations, 
because they offer unlimited sampling potential and flexibility in the number or combination 
of factors tested (Macfarlane & Macfarlane 2007, Marzorati et al., 2009). HT-29-MTX sub-
clones differentiate and secrete mucus upon induction with galactose and methotrexate, 
respectively (Lesuffleur et al., 1990, Hao & Lee 2004), but require more than 30 days for 
differentiation (Hao & Lee 2004). Additionally, co-incubation with intestinal bacteria is not 
recommended due to the high cytotoxicity of the microbial slurry (Parlesak et al., 2004). 
Therefore, application is limited to pure strains or short infection times hindering host 
adaptation or microbial metabolism (Marzorati et al., 2011). As a result, there is a need for 
alternative screening in vitro models to examine bacterial adhesion to mucosa surfaces. 
More robust mucin-based in vitro adhesion models do not usually incorporate a 
physiological host environment and use either commercial mucin (partially purified mucin from 
porcine stomach from Sigma-Aldrich) or mucin extract from the gastrointestinal tract of 
animals. Various fermentation systems have been developed to study the behavior of mixed 
intestinal microbial communities under conditions simulating both the gut luminal and mucosal 
environment. The mucus environment was incorporated in different forms, such as beads 











consisting of mucin solidified with sodium alginate packed in dialysis membranes (Probert & 
Gibson 2004), mucin soft agar in glass tubes (Macfarlane et al., 2005) or more recently mucin 
agar on microcosms (Van den Abbeele et al., 2012). Other simpler adhesion models employing 
passively immobilized intestinal mucus (Tuomola et al., 1999, Roos & Jonsson 2002, Rinkinen 
et al., 2003, Vesterlund et al., 2005) or mucin agar (Van den Abbeele et al., 2009) on multi-
well plates also exist. These methods are particularly useful for high-throughput screening of 
pure cultures and are sufficient to investigate the effect of multiple (simultaneous or separate) 
parameters on the initial adhesion of bacteria to mucin. 
Separation of bacteria from the mucin surface requires some sort of physical or chemical 
detachment or even lysis of bacteria followed by an appropriate detection method. However, 
several detachment approaches, such as those employing detergents, may affect the bacterial 
integrity (Sheu & Freese 1973, Tsuchido et al., 1990), which is important when culture-based 
approaches are used for enumeration. The selection of the detachment approach also depends 
on the available detection methods. For example, some techniques, such as flow cytometry and 
radioactivity, are less readily accessible than others involving DNA extraction and plating.  
We have previously developed a mucin adhesion assay (Van den Abbeele et al., 2009) 
for fast and accurate determination of the initial colonization of simulated mucus by intestinal 
microbial communities based on Triton X-100 (TX) extraction of attached bacteria followed 
by flow cytometry. In this chapter, we examine a diversity of Gram-positive and Gram-negative 
microorganisms in respect to their susceptibility to this detergent using culture-based 
techniques to estimate the bacterial abundance. Some bacteria sensitive to TX were also tested 
with flow cytometry. Selected strains were evaluated for their ability to adhere to mucin agar 
layers using plating after detachment with TX or a mechanical approach with stomacher in 
order to compare the efficiency of the two extraction approaches. This method can be used 
routinely to elucidate the adhesion potential of bacteria, especially those sensitive to detergents, 
to mucin surfaces using culture methods. 
2. Materials and methods 
2.1. Bacterial strains 
Bacillus cereus NVH 0500/00, B. cereus NVH 1230/88 and B. cereus NVH 0075/95 
were kindly provided by Prof. M.H. Guinebretière (National Institute for Agricultural Research 












Norway). Escherichia coli LF82 (Adhesive Invasive E. coli) was given by Prof. A. Darfeuille-
Michaud (INRA, France). E. coli LMG 2092, Lactobacillus rhamnosus LMG 18243, 
Enterococcus hirae LMG 6399, Salmonella enterica LMG 10396 and Pseudomonas 
aeruginosa LMG 8029 were obtained from the Belgian Coordinated Collections of 
Microorganisms/Laboratory of Microbiology, Ghent University, Belgium (BCCM/LMG 
collection). 
2.2. Growth conditions 
A loopful of each stock bacterial culture from -80 °C was aseptically transferred in test 
tubes containing 10 mL of growth media. L. rhamnosus LMG 18243 and E. hirae LMG 6399 
were cultured in MRS broth (Oxoid), while Brain Heart Infusion broth (BHI, Oxoid) was used 
for the other strains. All pre-cultures were incubated overnight at 37 °C (atmospheric 
headspace) without shaking. 
The pre-cultures were diluted ten times in fresh broth and incubated under the same 
conditions on a rotary shaker (110 rpm) until the absorbance at 610 nm (A610 nm) ranged between 
1.5 and 1.8 (ca. 2.5 to 3.5 h for all strains, except for P. aeruginosa that required 18 h). Each 
culture was centrifuged at 5000 g for 20 min at 4 °C and the pellet was washed twice with 0.1 
mol/L potassium phosphate buffered saline (PPBS) at pH 7.0. The final A610 nm of the 
suspension was adjusted to 1.50 ± 0.05 using the same buffer.  
Before use, the purity of all cultures was controlled by plating on BHI and LB (Sigma) 
agar. 
2.3. Survival of bacteria in Triton X-100 using plating 
Each culture suspension was tenfold diluted in 0.1 mol/L PPBS pH 7.0 (control) or 
Triton X-100 (TX, Sigma) to achieve a final concentration of 0.5% w/v (8 mM) (Treatment). 
The TX solution was prepared in 0.1 mol/L PPBS pH 7.0. All samples were incubated at 37 °C 
for 30 min in an anaerobic jar at 110 rpm.  
After incubation, bacterial concentration was determined by plating serial 10-fold 
dilutions of samples in physiological peptone solution (PPS). PPS consisted of 1 g/L neutralized 
peptone bacteriological (Oxoid) and 8.5 g/L NaCl (VWR). S. enterica LMG 10396 and P. 
aeruginosa LMG 8029 were plated on LB agar, L. rhamnosus LMG 18243 and E. hirae LMG 
6399 on MRS agar and the other strains on BHI agar. All plates were incubated aerobically at 
37 °C overnight, except for MRS plates that were grown under the same conditions for 1 d.  











For each experiment, two biological replicates (different days) with at least two 
technical replicates each (same day) were used, except for P. aeruginosa and E. hirae for which 
three technical replicates were performed. 
2.4. Survival of bacteria in Triton X-100 using flow cytometry 
Control and treatment samples of S. enterica LMG 10396 and P. aeruginosa LMG 
8029, collected after the 30-min incubation, were 100-fold diluted in 0.22 μm-filtered 0.1 mol/L 
PPBS pH 7.0 containing 1% v/v of a fluorescent dye mixture. The dye mixture was prepared 
as described in De Roy et al., (2012) and consisted of SYBR® Green I nucleic acid stain 
(Invitrogen) and propidium iodide (Sigma-Aldrich) in order to differentiate between cells with 
intact and damaged cytoplasmic membranes. Prior to analysis, the stained samples were 
incubated for 10 min in the dark at 37 °C. 
An Accuri™ C6 Flow Cytometer (BD) equipped with a 20-mW 488 nm Solid State 
Blue Laser was used for the analysis. The generated green and red fluorescent light was 
collected by the fluorescent channels FL-1 (533/30 nm band-pass filter) and FL-3 (670 nm 
long-pass filter), respectively. In order to eliminate irrelevant debris, the primary fluorescence 
(FL1-H) and secondary forward scatter (FSC-H) thresholds were set at 500 and 4000, 
respectively. The equipment was operated at medium flow rate (35 μL/min) and data were 
acquired for 30 sec. Live cell counts were determined using BD CSampler software (version 
1.0) by the number of particles represented on FL1-H versus FL3-H dot plots. The performance 
of the flow cytometer was checked prior to the analysis using Cyto-Count™, Count Control 
Beads (Dako). 
2.5. Mucin adhesion assay 
Adhesion experiments were adapted by Van den Abbeele et al., (2009). Briefly, 1 mL 
of L. rhamnosus LMG 18243, B. cereus NVH 0500/00 or E. coli LF82 -prepared as described 
in section 2.2 of this chapter- was placed in wells of 12-well plates (VWR) containing 1.2 mL 
of autoclaved mucin agar pH 6.8. Mucin agar consisted of 5% w/v porcine mucin type II 
(Sigma) and 1% w/v bacteriological agar (Oxoid). Multi-well plates were incubated at 37 °C in 












2.6. Bacteria extraction from mucin layer 
After 90 min of incubation, the liquid phase was discarded and the mucin agar layer was 
rinsed twice with 0.1 mol/L PPBS pH 7.0 to remove loosely adhered cells. Bacterial cell 
extraction from the mucin agar was performed by two different methods - chemical and 
mechanical.  
In the chemical approach, described by Van den Abbeele et al., (2009), mucin-adhered 
bacteria were detached during a 20-min incubation at 37 °C in an anaerobic jar on a rotary 
shaker (110 rpm) in the presence of 0.5% TX. Subsequently, the mucin surface was rinsed three 
times with 0.1 mol/L PPBS pH 7.0 and the aliquots were pooled together with the TX solution.  
In the mechanical method, the whole mucin layer was aseptically transferred with an 
ultraviolet sterilized spatula in a sterile bag containing 10 mL PPS and the mixture was 
homogenized for 5 to 10 min in a stomacher. Adhered bacteria extracted with each method 
were quantified by plating on BHI agar (E. coli and B. cereus) or MRS agar (L. rhamnosus 
LMG 18243) under the same conditions mentioned in section 2.3 of this chapter. Each assay 
was performed in quadruplicate. 
2.7. Statistical analysis 
Statistical analysis was performed using RStudio 0.97.551 (www.rstudio.com) running 
R 3.0.0 (www.R-project.org). Normality of log-transformed data was assessed with the 
Shapiro-Wilks normality test and further evaluated with normal Q-Q plots. For low number of 
observations (n=3-5), no distributional assumptions were made. Homoscedasticity for pairwise 
comparison was performed using bootstrap classical Levene’s test (with correction factor) or 
bootstrap modified-Levene’s test (with modified structural zero removal method and correction 
factor) for normally and non-normally distributed data, respectively. Non-normally distributed 
data were compared with Wilcoxon rank sum test, while for normally distributed data, a two 
sample t-test was used or a Welch modified t-test was used if the homoscedasticity assumption 
was not met. In the case of multiple comparisons, the overall hypothesis was checked with 
analysis of variance (ANOVA) for normally distributed and homoscedastic data, Kruskal-
Wallis Rank-Sum testing for non-normally distributed and homoscedastic data or weighted 
least squares analysis for the other cases. When the global null hypothesis of equality was 
rejected, post-hoc pairwise t-tests with Bonferroni correction were executed for the normally 
distributed data or pairwise Wilcoxon rank sum tests with Bonferroni correction were 











performed for the non-normally distributed data. The significance level was set at 5%. The 
results are expressed as average values of log CFU/mL with their standard deviation.  
3. Results 
3.1. Survival of bacteria in Triton X-100 
The behavior of different bacteria in the presence of 0.5% TX was investigated. The 
diversity of microorganisms included Gram-positive (B. cereus, L. rhamnosus LMG 18243 and 
E. hirae LMG 6399) and Gram-negative (E. coli, S. enterica LMG 10396 and P. aeruginosa 
LMG 8029) strains.  
In most cases, bacterial concentrations after incubation in the presence of TX were lower 
than those in the control experiments (Table 2-1). The decrease was more pronounced for B. 
cereus strains compared to the other species studied (p < 0.001), however, all three B. cereus 
strains were also differently influenced by TX (p < 0.001). The largest difference between the 
control and the treatment was observed for B. cereus NVH 0075/95 and reached 4.42 ± 0.31 
log (p < 0.001). The effect of TX on the other strains was less pronounced and it was 
accompanied by a decrease of less than 2 log (p < 0.001 for E. coli strains and S. enterica and 
p = 0.020 for P. aeruginosa). In contrast, the Gram-positive L. rhamnosus LMG 18243 and E. 
hirae LMG 6399 were not susceptible to TX. For these strains, the difference between the 
control and the treatment was 0.04 ± 0.19 and -0.01 ± 0.06 log, respectively. 
Survival of S. enterica LMG 10396 and P. aeruginosa LMG 8029 in 0.5% TX was also 
evaluated using flow cytometry and live cells were determined empirically from FL1-H versus 
FL3-H dot plots (Table 2-1). A 30-min incubation of both strains in the presence of TX 
(treatment) did not result in extensive differences compared to the control experiment. 
PPBS (control) maintained the viability of cells during incubation (no difference 













Table 2-1. Bacterial concentration after 30 min of incubation at 37 °C in 0.1 mol/L PPBS pH 7.0 
(control) and in the presence of Triton X-100 at a final concentration of 0.5% w/v (treatment). [FP] 
Food poisoning; [CD] Crohn’s disease; [GR] Gram reaction; [a] Information obtained from 
BCCM/LMG collection; [b] Analysis was performed by plating and the results are expressed as 
average log CFU/mL and accompanied by standard deviation; [c] Analysis was performed by flow 
cytometry and the results are expressed as average log live cells per mL and accompanied by standard 
deviation; [*] The results of the ‘treatment’ significantly differ (p < 0.001 for all strains, except for 
P. aeruginosa that has p = 0.020) from the results of the ‘control’ experiment for a given strain. 
Strain GR Origin 
Control Treatment Detection 



















7.14 ± 0.20 4.72 ± 0.44* Plating 
L. rhamnosus 
LMG 18243 
+ Human faecesa 7.78 ± 0.14 7.74 ± 0.12 Plating 






7.86 ± 0.04 7.87 ± 0.05 Plating 
E. coli  
LF82 
- 
Ileal lesion of 
CD patient 
6.68 ± 0.34 5.33 ± 0.43* Plating 
E. coli  
LMG 2092 






6.11 ± 0.66 4.60 ± 0.71* Plating 






6.40 ± 0.29 5.00 ± 0.59* Plating 
8.234 ± 0.014 8.136 ± 0.011 Flow cytometry 
 











3.2. Bacterial extraction after the mucin adhesion assay 
A Gram-positive (L. rhamnosus LMG 18243) and a Gram-negative (E. coli LF82) strain 
with good attachment properties (Alander et al., 1997, Martinez-Medina et al., 2011) were 
chosen to compare the performance of the two extraction methods. In addition to L. rhamnosus 
LMG 18243, which survives the chemical treatment, a TX-sensitive Gram-positive bacterium, 
i.e. B. cereus, was selected. None of the Gram-negative strains could survive well in the 
presence of TX, therefore no additional strain was used. 
Wells with mucin agar were inoculated with L. rhamnosus LMG 18243, B. cereus NVH 
0500/00 and E. coli LF82 at 8.87 ± 0.17, 7.72 ± 0.11 and 6.89 ± 0.67 log CFU/mL, respectively. 
Figure 2-1 shows the concentration of bacteria attached to mucin agar as determined by two 
different extraction methods. The extraction efficiency of the two techniques differs, resulting 
in consistently higher recovery of bacterial cells (p < 0.001 for all strains) when the mechanical 
method was used compared to the TX-based approach (chemical method). The difference in 
adhered bacteria between the two techniques was 1.24 ± 0.42, 2.69 ± 0.44 and 1.56 ± 0.85 log 
for L. rhamnosus LMG 18243, B. cereus NVH 0500/00 and E. coli LF82, respectively (p < 













Figure 2-1. Mucin-adhered bacterial counts of selected strains after 90 min of incubation at 37 °C 
estimated using two different extraction protocols. The results are expressed as average values of log 
CFU/mL (grey bars) accompanied by the standard deviation (error bars). a) Lactobacillus rhamnosus 
LMG 18243 b) Bacillus cereus NVH 0500/00 c) Escherichia coli LF82. The chemical method is 
described by Van den Abbeele et al., (2009) and the mechanical approach is the modified extraction 
method described in this chapter. Results obtained with the mechanical method were significantly 
higher (bars with *) than those obtained with the chemical method for all strains tested (p < 0.001). 












In this chapter, three bacterial strains belonging to L. rhamnosus, B. cereus and E. coli 
were tested for their ability to adhere to mucin agar. Bacteria attached to mucin were extracted 
from the surface using a detergent, i.e. TX, or from the whole mucin agar layer after mechanical 
detachment with a stomacher. The mechanical extraction method consistently resulted in higher 
bacterial plate counts than the chemical method for all strains tested. This suggests either that 
TX is not sufficient for the detachment of bacteria from the mucin agar or that it has a 
bacteriostatic or bactericidal effect.  
We showed that the sensitivity of bacteria to TX varies among microbial species and 
strains (Table 2-1). However, the detection method employed to determine the effect of this 
detergent may lead to different assumptions for a given strain. For example, the plate counts of 
TX-treated S. enterica LMG 10396 and P. aeruginosa LMG 8029 were lower than those in the 
control experiment but there were no obvious differences in live cell counts during flow 
cytometry measurements. It is possible that TX treatment does not affect cell viability, but 
prevents growth of bacteria on laboratory media, a physiological phenomenon referred to as 
‘viable but nonculturable’ (VBNC) state (Oliver 2005). Both S. enterica and P. aeruginosa, as 
well as E. hirae and E. coli demonstrate VBNC responses in the presence of a natural stress 
(Oliver 2010). Interestingly, induction of VBNC state is accompanied by biochemical changes 
in the bacterial cell membrane and wall, including increased autolytic rate compared to normal 
cells (Signoretto et al., 2000, Oliver 2010). Therefore, the surfactant-based extraction assay 
(Van den Abbeele et al., (2009), chemical method) cannot be successfully applied to cultures 
susceptible to TX when it is combined with traditional culture-based techniques for the 
enumeration of attached bacteria. Even for strains that are resilient to TX, such as L. rhamnosus 
LMG 18243, the recovery of adhered cells was better with the mechanical approach. TX was 
thus not sufficient to detach L. rhamnosus LMG 18243 from the mucin agar. 
Membrane solubilization by surfactants, such as TX, occurs gradually. Initially, 
detergent monomers bind to the membrane, disrupt hydrogen bonds between the hydrophilic 
groups of phospholipids and the aqueous solution and penetrate into the lipid bilayer. When a 
critical micelle concentration (CMCTX 0.3 mM; Hafiz (2005)) is reached, the structure is altered 
and the membrane is lyzed resulting in mixed lipid-protein-detergent micelles. As the detergent 
concentration increases, binary complexes (detergent-lipid, detergent-protein, lipid-protein) 
appear and eventually complete protein de-lipidation occurs. Once saturated, solubilization 












TX used in this chapter (8 mM) largely exceeded the CMC, thus membrane lysis can be 
expected. The bacterial cell wall may serve as a physical barrier for TX preventing loss of 
bacterial viability. Approximately 95% of the cell wall of Gram-positive bacteria consists of 
multiple peptidoglycan (PG) layers, while Gram-negative bacteria have only a few PG layers 
(5-10% of the cell wall) surrounded by a lipopolysaccharide (LPS) membrane. Structural 
variations between the cell wall of Gram-positive and Gram-negative bacteria may be 
responsible for differential responses in the presence of TX. However, we have shown that the 
susceptibility to TX varied among both bacteria with the same Gram reaction (L. rhamnosus 
LMG 18243 and E. hirae versus B. cereus) and the same species (e.g. B. cereus), therefore there 
is no clear relationship between the cell wall type and the sensitivity to this detergent. 
The observed sensitivity of E. coli strains (Table 2-1) is in contrast with previous results, 
which demonstrated that the growth of several E. coli was not affected by the presence of 0.4% 
TX (Sheu & Freese 1973). The latter was solely attributed to the presence of an intact LPS layer 
(Birdsell & Cotarobl 1968, Sheu & Freese 1973), although TX could remove a significant 
amount of phospholipids and LPS from E. coli J-5 without affecting its structural stability 
(Schnaitman 1971a). Cell wall proteins of the same strain were not solubilized by TX 
(Schnaitman 1971a, Schnaitman 1971b), due to hydrophobic protein interactions between the 
cell wall and the LPS membrane (Schnaitman 1971a) rather than the PG layer itself (Sheu & 
Freese 1973). However, the protective role of LPS against TX is not universal (Unemoto & 
Macleod (1975), this chapter) and strain variations in the phospholipid type and the production 
of LPS may influence the responses to this detergent. 
The thicker PG layer of B. cereus did not protect against the action of TX (Table 2-1) 
and this was supported by the documented susceptibility of the related B. subtilis to this 
surfactant (Sheu & Freese 1973, Tsuchido et al., 1990). In contrast, L. rhamnosus LMG 18243 
(Van den Abbeele et al., (2009), this chapter) and E. hirae LMG 6399 were resistant to the 
same treatment. However, cell lysis of the latter strain has been previously observed at TX 
concentrations much lower than 0.5% (Cornett & Shockman 1978, Tsuchido et al., 1990). 
Nevertheless, comparison among literature is restricted by the abundance of factors that affect 
the effectiveness of surfactants, such as the exposure time and the physical/chemical 
environment (pH, ion concentration (Tsuchido et al., 1990) and type), the culture growth phase 
(Schnaitman 1971b), the cell to protein ratio (Cornett & Shockman 1978) or the assay used to 
evaluate toxicity (Dayeh et al., (2004), this chapter).  
The ability of TX to solubilize membranes though is not solely responsible for 
surfactant-induced cell dissolution. An autolytic mechanism involving expression of bacterial 











PG hydrolases has been described (Cornett & Shockman 1978, Tsuchido et al., 1990) and is 
probably associated with the neutralization or release of autolytic enzyme inhibitors/regulators 
(e.g. lipoteichoic acids and cardiolipin for E. hirae) in the presence of TX (Cornett & Shockman 
1978, Cordwell et al., 2002). Autolysis caused by 0.05% TX was limited in a methicillin 
resistant Staphylococcus aureus compared to that of a double mutant lacking the autolytic 
regulators mgrA/sarA (Trotonda et al., 2009). A methicillin susceptible S. aureus was rapidly 
lyzed by TX, while the murein hydrolase mutant (∆atl) was not extensively affected (Bose et 
al., 2012). As expected, several cell wall hydrolases were found in the National Center of 
Biotechnological Information (NCBI) database associated to the bacterial species tested here, 
including the resilient L. rhamnosus LMG 18243 (GenBank: YP_005864803). More than 1500 
hits for different B. cereus strains were obtained in the same search engine (results not shown), 
therefore the release of autolytic enzymes from B. cereus in presence of TX cannot be excluded. 
Variations in the PG layers among different Gram-positive species could also be linked to TX 
sensitivity. For example, vancomycin-intermediate S. aureus was found with thickened cell-
wall which was associated with decreased hydrolysis (Boyle-Vavra et al., 2003).  
In conclusion, the mechanical extraction method is recommended for the study of 
bacterial adhesion to mucin agar, especially when plating is used to estimate microbial counts. 
However, this approach is also applicable for strains that are not affected by TX, due to the 
observed higher recovery of L. rhamnosus LMG 18243 compared to the conventional 
extraction protocol. Because bacteria are extracted from the whole mucus instead of just the 
surface, microbiota that penetrate this layer can also be detected. The non-chemical approach 
reduces the experimental duration and all the above contribute to the establishment of a more 















EFFECT OF BIOTIC AND ABIOTIC FACTORS ON MUCIN 











 Chapter 3 
EFFECT OF BIOTIC AND ABIOTIC FACTORS ON MUCIN 
ADHERENCE OF BACILLUS CEREUS 
Abstract 
Adhesion of pathogenic bacteria to intestinal mucus, the protective layer of the 
gastrointestinal epithelium, is often considered a virulence factor. The ability of food-poisoning 
Bacillus cereus strains to attach to mucus and the factors affecting this interaction have not yet 
been investigated. Therefore, the role of adhesion in pathogenesis of B. cereus still remains 
unknown. In this chapter, an in vitro assay based on mucin agar was used to simulate adhesion 
of B. cereus to mucus. Bacterial-associated factors (e.g. strain specificity and microbial 
competition) known to influence adhesion to different surfaces and a variety of environmental 
conditions (e.g. pH and oxygen) encountered in the gastrointestinal tract were investigated. The 
effect of these parameters on B. cereus NVH 0500/00 mucin adhesion was generally limited 
even in the presence of microbial competition. Inoculation of 4 to 5 log CFU/mL B. cereus 
NVH 0500/00 resulted in 5 to 6 log CFU/mL mucin-associated bacteria after a short incubation 
period. This indicates that this pathogenic strain could grow in the presence of mucin agar. This 
growth may potentially mask the effect of the studied conditions. Yet, extensive attachment of 
B. cereus to mucin is not necessarily a pre-requisite for virulence, because other pathogenic 
strains do not adhere with the same efficiency to mucin agar. Nevertheless, adhesion may 
contribute to the disease by providing close contact to nutrient sources, such as mucin, which 
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Bacillus cereus is a soil inhabitant (Vilain et al., 2006, Stenfors Arnesen et al., 2008) 
that can be passively spread in the surroundings during agricultural/farming processes. 
Contaminated primary products of plant or animal origin can introduce these bacteria in the 
food chain. Spores of B. cereus can withstand standard food processing and sanitizing 
procedures and may thus serve as an unavoidable reservoir for Bacillus transfer in food products 
(Choma et al., 2000, Brychta et al., 2009). The occurrence of B. cereus in foods is often 
associated with food poisoning (Lund et al., 2000, Gaulin et al., 2002, Dierick et al., 2005), as 
well as milk or cheese spoilage (Andersson et al., 1995, De Jonghe et al., 2010), hence, it has 
important economic, social and clinical implications. 
B. cereus is responsible for two types of gastrointestinal illnesses (Stenfors Arnesen et 
al., 2008, Ceuppens et al., 2011). The emetic disease is caused by a resilient emetic toxin, 
namely cereulide, formed during food production and storage (intoxication) (Agata et al., 1994, 
Ehling-Schulz et al., 2004, Rajkovic et al., 2008). Cereulide is a small dodecadepsipeptide ([D-
O-Leu–D-Ala–L-O-Val–L-Val]3) (Agata et al., 1995b) that is synthesized by the non-ribosomal 
cereulide synthetase enzyme complex (Ehling-Schulz et al., 2005b). The genetic determinants 
of cereulide are plasmid-borne (Hoton et al., 2005, Ehling-Schulz et al., 2006a). Because 
cereulide is present in foods, random sample testing could prevent or limit the amounts of 
cereulide-positive foods that reach the end-user. The diarrhea disease, on the other hand, is the 
result of de novo enterotoxin production in the small intestine (Kotiranta et al., 2000, Schoeni 
& Wong 2005). Presumptive enterotoxins include the non-haemolytic enterotoxin (Nhe), 
haemolysin BL and cytotoxin K (Senesi & Ghelardi 2010). Therefore, any food containing 
enterotoxigenic B. cereus could be presumably involved in foodborne illness outbreaks 
assuming that toxins can be formed during gastrointestinal passage. 
The exact mechanism of B. cereus-induced diarrhea is still not fully understood, but it 
is possible that attachment of B. cereus to the intestinal mucosa is involved. Adhesion of several 
pathogens, such as Escherichia coli and Helicobacter pylori, to specialized sites of the intestinal 
epithelium is crucial for the initiation of disease (An et al., 2000, Foster et al., 2014). Moreover, 
mucin-associated B. cereus could be protected from the high shear forces and the abundance of 
antimicrobial agents in the luminal environment (Sonnenburg et al., 2004, Aparna & Yadav 
2008). Additionally, the action of B. cereus toxins secreted in the proximity of the targeted 
epithelium may be more effective because they do not undergo extensive dilution and 
degradation in the intestinal lumen (Andersson et al., 1998). Finally, B. cereus has been shown 











to display affinity for adhesion to various surfaces such as glass, stainless steel and plastic 
(Kotiranta et al., 2000, Peng et al., 2001b, Faille et al., 2002, Sanchez et al., 2009). 
Studies on the interactions of B. cereus with the intestinal mucosa surface or the factors 
affecting this process are limited and strictly focusing on adhesion of B. cereus to cell lines 
(Ramarao & Lereclus 2006, Wijnands et al., 2007, Trapecar et al., 2011). However, direct 
contact of luminal bacteria with the intestinal epithelium is in first instance prevented by a 
secreted mucus layer (Linden et al., 2008, McGuckin et al., 2011), which is largely neglected 
during in vitro adhesion studies. The major macromolecular constituents of mucus are mucin 
glycoproteins (Reviewed by Linden et al., 2008) , which comprise more than 60% of the dry 
weight of mucus (Ouwehand et al., 1999). Mucin may serve as a source of nutrients and provide 
binding sites similar to those of epithelial cells for both commensal bacteria and pathogens 
(Derrien et al., 2010). Thus far, only the work of Sanchez et al. (2009) has investigated the 
adhesion potential of non-pathogenic B. cereus to immobilized mucin. 
In this chapter, we investigated the ability of food poisoning (diarrheal) strains of the B. 
cereus group, including B. cereus and B. cytotoxicus, to attach in vitro to mucin agar using the 
adhesion assay of Van den Abbeele et al. (2009). This method was combined with the improved 
mechanical bacterial extraction approach described in chapter 2. A variety of abiotic 
(environmental) conditions mimicking the gastrointestinal tract and biotic (microbial) factors 
that influence bacterial adhesion to different surfaces were investigated (e.g. strain specificity, 
microbial competition, pH and oxygen). The aim of this chapter was to gain a better insight in 
the potency of virulent strains of B. cereus group to adhere to mucin and the relevance of these 
interactions to their virulence. 
2. Materials and methods 
2.1. Growth and preparation of bacteria 
B. cereus NVH 0500/00 was used in this chapter, however, other bacteria of the B. 
cereus group, including B. cereus NVH 1230/88, B. cereus NVH 0075/95 and B. cytotoxicus 
NVH 0391/98, were tested for comparison. An overview of the main putative enterotoxins 
produced by each of these strains is given in Table 3-1. All strains encode for Nhe. 
A loopful from a -80 °C stock culture was transferred to 10 mL Brain Heart Infusion 
broth (BHI, Oxoid) and grew overnight at 37 °C (atmospheric headspace) without shaking. This 












rpm, atmospheric headspace) to obtain bacteria at the end of exponential to early stationary 
phase (approx. 7.5-8.0 log CFU/mL). 
Subsequently, the culture was centrifuged (5000 g, 20 min, 4 °C) and the pellet was 
washed twice with 0.1 M potassium phosphate buffer saline (PPBS) at pH 7.0. The final 
absorbance at 610 nm (A610nm) was adjusted to 1.60±0.20 using 0.1 M PPBS resulting in the 
same bacterial concentration. This solution was diluted 1000 times in the same buffer before 
the adhesion assay (‘Inoculum’). 
 
Table 3-1. Food poisoning Bacillus cereus strains (non-emetic) used in this chapter. [NVH] 
Norwegian School of Veterinary Science, Norway; [PCR] Polymerase chain reaction; [WB] Western 
blotting; [CK] Commercial kits; [hblCDA] Genes encoding for the L2, L1 and B proteins of the 
haemolysin BL (Hbl) complex, respectively; [nheABC] Genes encoding for the NheA, NheB and 
NheC proteins of the non-haemolytic enterotoxin (Nhe) complex, respectively; [cytK] Genes encoding 
for the cytotoxin (CytK) variants; [L2L1B] The L2, L1 and B proteins of the Hbl complex, 
respectively; [ABC] The NheA, NheB and NheC proteins of the Nhe complex, respectively; [CytK] 
CytK protein; [Duopath] Duopath cereus Enterotoxins; [BDE VIA] Bacillus Diarrheal Enterotoxin 
Visual ImmunoAssay; [BCET RPLA] Bacillus cereus Enterotoxin Reversed Passive Latex 
Agglutination; [S] Southern blotting; [M] Monoclonal antibodies; [P] Polyclonal antibodies; [NA] 
Not applicable; [+] Presence or positive reaction; [-] Absence or negative reaction; [?] No information 
available. Sources: National Center for Biotechnology Information (NCBI) and literature (Lund & 
Granum 1996, Granum et al., 1999, Lund et al., 2000, Guinebretière et al., 2002, Dietrich et al., 2005, 
Ehling-Schulz et al., 2005a, Guinebretière et al., 2006, Fagerlund et al., 2007, Wehrle et al., 2009, 
Krause et al., 2010). 
   B. cereus group strains 


























hblCDA --- --- --- +++ 
nheABC +++ +++ +++ +++ 










L2L1B (Hbl) --- (MMM) ? --- (MMM) ? 
NheABC (Nhe) +++ (MMP) ? -+- (MMP) ? 




BCET RPLA (Hbl) - - - + 
Duopath (Hbl) - ? - ? 











   B. cereus group strains 









BDE VIA (Nhe) + + - + 





NA CP000764 NA 







Genome (assembly) size 6.1 Mb NA 4.1 Mb NA 
Number (size) of plasmids NA NA 1 (7135 bp) NA 
Potential enterotoxin genes 












2.2. Assessment of bacterial mucin adhesion 
In accordance with Van den Abbeele et al.(2009), 1 mL of bacterial preparation was 
placed in a 12-well plate (VWR) containing 1.2 mL of 5% w/v porcine mucin type II (Sigma) 
solidified with 1% w/v bacteriological agar (Oxoid) at pH 6.8. As a control of the bacterial 
behavior in the absence of mucin agar, 1 mL of sample preparation was also placed in empty 
wells. Each condition was tested in four technical quadruplicates. Two biological replicates 
were also performed for the abiotic parameters (pH, oxygen and media).  
Plates were incubated at 37 °C (30-50 rpm) for 90 min in a MART jar (Mart 
Microbiology) with AnaeroGen sachets (Oxoid). The concentration of oxygen in the jar was 
measured with a CompactGC® (Global Analyser Solutions) equipped with a PoraBOND Q pre-
column (Agilent), a Molsieve 5A column and a thermal conductivity detector. The system was 
controlled by EZChrom Elite software (Agilent). The oxygen concentration was on average 2% 
v/v during the incubation. 
After incubation, liquid from wells with mucin agar (‘Lumen’) and from empty wells 
(‘PPBS’, control) was collected after mixing five times by pipetting. Additionally, bacteria 












rinsed twice with 0.1 M PPBS (pH 7.0) to remove loosely adhered cells. Subsequently, the 
whole solid layer was transferred with a UV-sterilized spatula to a stomacher bag containing 
10 mL physiological peptone solution (PPS) consisting of 1 g/L neutralized bacteriological 
peptone (Oxoid) and 8.5 g/L NaCl (VWR). Finally, the mixture was homogenized for 5-10 min 
with a stomacher and an aliquot was collected for quantification of adhered bacteria (‘Mucin’). 
The colonisation of mucin agar by B. cereus NVH 0500/00 was visualized using 
fluorescence microscopy (Figure 3-1). Experiments were performed as described in the sections 
2.1 and 2.2 of this chapter with small modifications: a) The washed suspension of B. cereus 
NVH 0500/00 was not further diluted after the A610nm was adjusted to 1.60 ± 0.20 to obtain 
sufficient cell concentration for the microscope field of view and b) The mucin agar surface 
was covered with approximately 500 µl of 2 µM SYBR® Green I stain (Life Technologies) 
after rinsing the mucin agar twice with 0.1 M PPBS (pH 7.0). Samples were incubated for 15 
min at 37 °C in the dark. Subsequently, the stain was removed by washing twice with 0.1 M 
PPBS (pH 7.0). Bacteria were visualized using Axioskop 2 plus (Zeiss) fluorescence 
microscope equipped with a Plan-Neofluar objective lens (100x/1.30 Oil; ∞/0.17; Zeiss) using 
ImmersolTM 518 F (Zeiss). The microscope magnifications was 1000x. Pictures were taken with 




Figure 3-1. Colonization of mucin agar by Bacillus cereus NVH 0500/00 using fluorescence 
microscopy after in situ staining of bacterial cells with SYBR® green I. 
 











2.3. Protocol modifications to study biotic and abiotic parameters  
All experiments were performed according to the general protocol unless stated 
otherwise in the following sections. 
2.3.1. Strain specificity 
B. cereus NVH 0500/00, B. cereus NVH 1230/88, B. cereus NVH 0075/95 and B. 
cytotoxicus NVH 0391/98 were washed and diluted in 0.1 M PPBS (pH 5.9) before use. The 
multi-well plates were incubated aerobically. 
2.3.2. Microbial competition 
Intestinal bacteria were collected from the ascending colon (AC) of the Simulator of the 
Human Intestinal Microbial Ecosystem (SHIME; Molly et al., 1993). SHIME is a dynamic 
multi-compartment reactor mimicking the stomach, small intestine and colon. Fecal microbiota 
are allowed to adapt for two weeks to the nutritional/physicochemical conditions of the 
ascending, transverse and descending colon compartments. This results in a microbial 
community that is representative for the respective in vivo colon regions. The model has been 
validated against in vivo conditions in terms of microbial composition and metabolic activity 
(Molly et al., 1994, Possemiers et al., 2006). 
Intestinal bacteria and B. cereus NVH 0500/00 were washed twice in 0.1 M PPBS (pH 
7.0), adjusted to the same A610nm, mixed at equal volumes and added in wells without further 
dilution. As control, each culture preparation was also mixed at equal volumes with 0.1 PPBS 
(pH 7.0). 
2.3.3. Physiological status 
Approximate 3.5 log CFU/mL B. cereus NVH 0500/00 were grown in BHI broth at 
37 °C with atmospheric headspace (110 rpm). Samples collected at 2 h (5.42±0.13 log 
CFU/mL) and 9 h (8.08±0.09 log CFU/mL) representing exponential and stationary phase cells, 












2.3.4. Mild acid stress 
B. cereus NVH 0500/00 cultures were prepared and diluted in either mildly acid buffer 
(0.1 M PPBS, pH 5.9) or in the same buffer at pH 7.0. Multi-well plates were incubated 
aerobically under the conditions described in the general experimental procedure. 
2.3.5. Oxygen 
B. cereus NVH 0500/00 cultures were prepared according to the general protocol and 
the multi-well plates were incubated either aerobically (20% v/v oxygen in air) or in a MART 
jar (2% v/v). 
2.3.6. Media 
B. cereus NVH 0500/00 was prepared as described previously, however, samples of the 
same A610nm were 1000 times diluted in different media in addition to the reference buffer (0.1 
M PPBS, pH 7.0) used in all other experiments. These media were chosen to simulate the effect 
of the intestinal environment or food on bacterial adhesion. The intestinal media included AC 
suspension from SHIME, either undiluted (100% AC) or 1% v/v AC (1% AC) in 0.1 M PPBS 
(pH 7.0). The nutritional medium of the SHIME reactor (SHIME feed; Possemiers et al., 
(2004)) and 10% w/w peas extract in 0.1 M PPBS (pH 7.0) were used as food representatives. 
Peas were previously shown to support growth and toxin production better than other food types 
under simulated gut conditions (Clavel et al., 2004). Canned garden peas (Carrefour) were 
drained in a sieve, washed three times in distilled water, air-dried and homogenized for 10 min 
with 0.1 M PPBS (pH 7.0). Extract from peas was collected after centrifugation at 1000 g for 
10 min. Media were adjusted to pH 7.0 and autoclaved before use. 
2.4. Bacterial concentration and toxin production 
Samples designated as ‘Inoculum’, ‘PPBS’, ‘Lumen’ and ‘Mucin’ were tenfold serially 
diluted in PPS and bacterial counts were determined after overnight incubation at 30 °C on BHI 
agar. In the presence of intestinal microbiota, B. cereus was determined on BACARA™ 
chromogenic medium (bioMerieux) after overnight growth at 37 °C. The absence of B. cereus-
like colonies from intestinal bacteria on BACARA™ was confirmed before the experiments. 
The bacterial concentration was expressed in log CFU/mL. 











Toxin production from B. cereus NVH 0500/00 (produces only Nhe enterotoxin) was 
determined using Duopath® cereus Enterotoxins (Merck) according to the manufacturers’ 
instructions. 
2.5. Statistical data analysis 
Statistical analysis was performed using R 3.0.2 (http://www.R-project.org). Normality 
of log-transformed data (log CFU/mL) was assessed with the Shapiro-Wilks normality test and 
normal Q-Q plots. For low number of observations (n=3-5), no distributional assumptions were 
made and non-parametric hypothesis testing was run. Homoscedasticity testing was performed 
using a classical Levene’s test (with correction factor to account for unbalancedness of the 
design) or bootstrap modified Levene’s test (with modified structural zero removal method and 
correction factor) for normally and non-normally distributed data, respectively. In the two-
sample case, non-normally distributed data were compared with the Wilcoxon rank sum test, 
while for normally distributed data, a two-sample t-test was used or a Welch modified t-test 
was performed if the homoscedasticity assumption was not met. Multiple comparisons were 
run with analysis of variance (ANOVA) if parametric assumptions were met. When parametric 
assumptions were not met, a Kruskal-Wallis rank-sum test was applied. A Tukey HSD post-
hoc was executed in the parametric case. Non-parametric relative contrast effects with Tukey 
contrasts and simultaneous p-values (Konietschke & Hothorn 2012) were run in the non-
parametric case. The significance level was set at 5%. The results are expressed as average log 
CFU/mL with their standard deviation. 
3. Results  
3.1. Strain specificity 
Results showed that the in vitro adhesion to mucin agar differed among the tested 
pathogenic strains of the B. cereus group (Table 3-2). B. cereus NVH 0500/00 and B. cereus 
NVH 1230/88 attached equally well to mucin agar (p=0.99) at approx. 4.9 log CFU/mL. This 
amount did not significantly differ from the inoculum (p=0.21 and 0.96, respectively). On the 
other hand, mucin-associated B. cereus NVH 0075/95 and B. cytotoxicus NVH 0391/98 were, 
respectively, at least 1 and 2 log lower (p<0.0001) than B. cereus NVH 0500/00 and B. cereus 
NVH 1230/88. B. cereus NVH 0500/00 (p=0.079) and B. cereus NVH 0075/95 (p=0.78) could 












initial bacterial concentration. In contrast, incubation of B. cytotoxicus NVH 0391/98 and B. 
cereus NVH 1230/88 in PPBS resulted in a decrease (p<0.001) of 0.55±0.14 and 1.15±0.21 log, 
respectively. 
 
Table 3-2. Concentration of pathogenic strains of the Bacillus cereus group. Samples were taken 
before incubation (Inoculum) and after 90 min of incubation of the inoculum (PPBS) and from the 
extract from mucin agar (Mucin). The results are expressed as average log CFU/mL±standard 
deviation and they are determined after plating on BHI agar. Results designated with the same 
lowercase (or capital) letter are not significantly different (p>0.05) when values in the same column 
(or row) are considered. Values with the same lowercase (capital) letter in the same row (column) are 
not indicative of the presence or absence of any significance.  
Strain Inoculum Mucin PPBS 
B. cereus NVH 0500/00 4.87 ± 0.04aA 4.96 ± 0.24aA 4.65 ± 0.15aA 
B. cereus NVH 1230/88 4.88 ± 0.10aA 4.92 ± 0.25aA 3.73 ± 0.18bB 
B. cereus NVH 0075/95 4.86 ± 0.12aA 3.70 ± 0.43bB 4.74 ± 0.09aA 
B. cytotoxicus NVH 0391/98 4.88 ± 0.05aA 2.65 ± 0.24cB 4.33 ± 0.12cC 
3.2. Mild acid stress 
When B. cereus NVH 0500/00 was added in wells at approx. 4.5 log CFU/mL (Figure 
3-2a), adhesion of cells was slightly, but significantly (p<0.0001), higher at neutral pH than at 
pH 5.9. Additionally, mucin-associated bacteria exceeded (p<0.0001) the concentration of the 
inoculated microbes (Δlog=1.15±0.41 and 0.77±0.41 for pH 7.0 and 5.9, respectively). Finally, 
B. cereus NVH 0500/00 survived well during a 90-min incubation in 0.1 M PPBS, although the 
difference between the inoculum and PPBS values at pH 5.9 was significant (p=0.012).  
3.3. Oxygen availability 
The concentration of mucin adhered B. cereus after incubation with 20% oxygen was 
similar to that with 2% (Figure 3-2b). Inoculation of 4.6 log CFU/mL B. cereus NVH 0500/00 
resulted in 5.7 log CFU/mL mucin-adhered bacteria after incubation under both oxygen-rich 
and limited conditions (p=0.605). The amount of inoculated bacteria did not significantly 
change during incubation (p>0.2 compared to PPBS for both oxygen conditions). 
 












Figure 3-2. Concentration of Bacillus cereus NVH 0500/00 as affected by (a) pH and (b) oxygen 
availability. Samples were taken before (Inoculum) and after 90 min of incubation of the inoculum 
in the absence of mucin agar (PPBS) and from the extract from mucin agar (Mucin). The bacterial 
concentration (log CFU/mL±standard deviation) is determined after plating on BHI agar. Bars 
designated with the same lowercase letter are not significantly different (p>0.05) among treatments 
(i.e. air versus anaerobic jar) for the same sample type (e.g. inoculum, mucin or PPBS). Bars 
designated with the same capital letter are not significantly different (p>0.05) among different sample 
types for the same treatment. 
3.4. Physiological status 
Stationary phase cells could adhere slightly better to mucin agar than exponential phase 
cells (Figure 3-3). Only a small, but significant (p<0.001), enhancement in adhesion of 
stationary phase cells was observed, when B. cereus NVH 0500/00 of different physiological 












B. cereus NVH 0500/00 in the absence of mucin (PPBS) caused inactivation (p<0.0001 for 
exponentially and p=0.042 for stationary phase cells), especially of young cells with Δlog 
=0.75±0.26. However, bacteria in lumen were approx. 1.5 log higher than that in PPBS 
(p<0.0001 for both phases). 
 
 
Figure 3-3. Concentration of Bacillus cereus NVH 0500/00 when exponential and stationary growth 
phase cells were inoculated at equal concentrations. Samples were taken before (Inoculum) and after 
90 min of incubation in the absence (PPBS) and presence (Lumen) of mucin agar and from the 
extract from mucin agar (Mucin). The bacterial concentration (log CFU/mL± standard deviation) is 
determined after plating on BHI agar. Bars designated with the same lowercase letter are not 
significantly different (p>0.05) among treatments (i.e. exponential versus stationary phase) for the 
same sample type (e.g. inoculum, mucin, lumen or PPBS). Bars designated with the same capital 
letter are not significantly different (p>0.05) among different sample types for the same treatment. 
3.5. Media composition 
Adhered B. cereus NVH 0500/00 were not influenced by the type of the medium 
(p=0.57) and, in most cases, reached 5.8 log CFU/mL, a value significantly higher than that of 
the Inoculum (p<0.0001 for all media) (Table 3-3). B. cereus was instantly inactivated in 100% 
AC resulting in approx. 1.8 log lower inoculum concentration compared to that of the other 
media (p<0.0001). Therefore this medium was not used for comparisons. Unlike the intestinal 
media, SHIME feed (p=0.017) and especially peas (p<0.0001) supported the growth of B. 
cereus after incubation in the absence of a mucin layer (6.4 and 7.0 log CFU/mL, respectively). 
Nevertheless, bacteria in lumen could grow well (˃7.2 log CFU/mL) even in PPBS and 1% AC, 
although both media did not enhance proliferation of the inoculated B. cereus in the absence of 
mucin (p=0.97 and 0.15, respectively). 











Table 3-3. Concentration of Bacillus cereus NVH 0500/00 in different media. Samples were taken 
before (Inoculum) and after 90 min of incubation in the absence (Media) and presence (Lumen) of 
mucin agar and from the extract from mucin agar (Mucin). The results are expressed as average log 
CFU/mL ± standard deviation and they are determined after plating on BHI agar. Bacterial counts 
presented as Mucin and Lumen were obtained from the same well. Results designated with the same 
lowercase (or capital) letter are not significantly different (p>0.05) when values in the same column 
(or row) were considered. Values with the same lowercase (capital) letter in same row (column) are 
not indicative of the presence or absence of any significance. Statistics were not performed for 100% 
ascending colon (AC). (Inocul.) Inoculum; (SHIME) Simulator of the Human Intestinal Microbial 
Ecosystem. 
 PPBS 1% AC 100% AC SHIME feed 10% Peas 
Inocul. 4.96 ± 0.20aA 5.01 ± 0.04aA 3.14 ± 0.27B 5.01 ± 0.10aA 4.96 ± 0.13aA 
Mucin 5.92 ± 0.40bA 5.97 ± 0.49bA <3.00 5.67 ± 0.04bA 5.85 ± 0.34bA 
Lumen 7.29 ± 0.31cA 7.26 ± 0.52cA <3.00 6.04 ± 0.81bcB 7.22 ± 0.31cA 
Media 4.91 ± 0.20aA 4.77 ± 0.24aA <3.00 6.39 ± 0.14cB 7.03 ± 0.20cC 
3.6. Competitive intestinal bacteria 
B. cereus NVH 0500/00 and intestinal bacteria of the same A610nm were mixed at equal 
volumes in order to investigate any competitive effect towards B. cereus adhesion (Figure 3-4). 
The concentration of inoculated intestinal bacteria (determined aerobically) was approximately 
1000 times lower (<3 log CFU/mL) than that of B. cereus. In the absence of competition, both 
cultures adhered similarly (approx. 10%) to mucin. Although intestinal bacteria could 
proliferate in the lumen at least in the absence of B. cereus, the lumen concentration of B. cereus 
was similar to that of the inoculum (8.0 and 7.8 log CFU/mL, respectively). Interestingly, B. 
cereus adhesion to mucin (6.5 log CFU/mL) was not influenced by the presence of intestinal 
microbiota (p=0.27). Incubation of monocultures or bacterial mixtures for 90 min in empty 














Figure 3-4. Concentration of Bacillus cereus NVH 0500/00 in the presence or absence of competitive 
bacteria. Samples were taken before (Inoculum) and after 90 min of incubation in the absence 
(PPBS) and presence (Lumen) of mucin agar and from the extract from mucin agar (Mucin). The 
bacterial concentration (log CFU/mL±standard deviation) is determined after plating on BACARA 
agar (B. cereus) or BHI agar (Intestinal bacteria in the absence of B. cereus). Bars designated with 
the same lowercase letter are not significantly different (p>0.05) among treatments (i.e. intestinal 
bacteria versus B. cereus in presence (co-cultures) or absence (monocultures) of intestinal bacteria) 
for the same sample type (e.g. inoculum, mucin, lumen or PPBS). Bars designated with the same 
capital letter are not significantly different (p>0.05) among different sample types for the same 
treatment. 
3.7. Toxin detection 
Nhe was not detected in lumen samples under most conditions tested, such as different 
media, pH, oxygen, strains and physiological status (Table 3-4). This enterotoxin was detected 
in the lumen containing B. cereus in co-cultures with intestinal bacteria, as well as in the 
corresponding B. cereus monocultures (control), when an inoculum of approx. 7.7 log CFU/mL 
B. cereus NVH 0500/00 was used. A weak toxin signal was obtained in PPBS both in 
















Table 3-4. Detection of non-haemolytic enterotoxin (Nhe) in samples with (Lumen) or without 





Strains No signal ND 
pH No signal ND 
Oxygen No signal ND 
Physiological status No signal ND 
Media No signal ND 
Intestinal competition Strong signal Weak signal 
4. Discussion 
 This investigation was prompted by the lack of studies regarding the potential of 
pathogenic B. cereus to adhere to mucus. The purpose was to offer an insight into the 
involvement of bacterial attachment in B. cereus-induced diarrheal disease by employing an in 
vitro assay to simulate the effect of bacterial and environmental factors on the initial mucin 
colonization of food-poisoning B. cereus. Overall, adhesion to mucin was only slightly affected 
by the abiotic and biotic parameters tested. The efficiency of adhesion was probably determined 
by the ability of B. cereus to grow on mucin. The adhesion potential significantly varied among 
different pathogenic strains of the B. cereus group suggesting that (at least for these strains) 
extensive adhesion to mucin is not required for pathogenesis.  
Results showed that B. cereus NVH 0500/00 could efficiently attach to mucin agar 
under all conditions tested. In addition to surface hydrophobicity and negative charge (non-
specific adhesion), interactions of B. cereus with the matrix receptors may occur through 
proteins on the appendages (e.g. flagellin) or the S-layer (Kotiranta et al., 2000). Some cell 
wall-associated proteases (e.g. metalloproteases and aminopeptidase) may also facilitate 
attachment of B. cereus to mucin and fibronectin (Sanchez et al., 2009). It has been previously 
suggested that adhesion of B. cereus NVH 0500/00 to mucin agar was comparable to that of 
some known adherent bacteria, such as Lactobacillus rhamnosus LMG 18243 and E. coli LF82 
(Van den Abbeele et al., (2012), chapter 2). The adhesion is probably attributed to mucin itself, 
because the presence of this glycoprotein enhances bacterial attachment (Table A 3-1) and 












mechanism of bacterial degradation of mucin. For example, a strain of B. cereus isolated from 
soil was able to hydrolyze in vitro gastric mucin by producing α-L-fucosidase (Miura et al., 
2005). Furthermore, an enhancin-like (Bel) protein from B. thuringiensis (a member of the B. 
cereus group) increased the insecticidal toxicity of a crystal protein by degrading the intestinal 
mucin (Fang et al., 2009). Mucin hydrolysis is a bacterial mechanism used to compromise the 
mucosal barrier and is often considered as the initial step in pathogenesis (Derrien et al., 2010). 
Therefore, it can be presumed, based on the current results, that the extent of adhesion might 
be determined by the ability of B. cereus to use mucin as a growth substrate. 
Another important feature of B. cereus, demonstrated in this chapter, was the strain-
specific adhesion to mucin. Pathogenic and non-pathogenic Bacillus species also showed strain-
dependent differences in adhesion to intestinal surfaces (Andersson et al., 1998, Ramarao & 
Lereclus 2006, Sanchez et al., 2009). In contrast to our observations, B. cereus NVH 0075/95 
attached slightly better than B. cereus NVH 1230/88 to Caco-2 cells (Andersson et al., 1998) 
suggesting that the type of substratum may influence the attachment of a given strain. However, 
the latter study was contacted with spores. B. cereus NVH 0075/95 spores were more 
hydrophobic than those of B. cereus NVH 1230/88 (Andersson et al., 1998), which may explain 
the differences in the adhesion between mucin and Caco-2 cells. Because the food poisoning 
strains used in this chapter do not adhere equally well to mucin, we suggest that extensive 
adhesion to mucin is not a prerequisite for B. cereus virulence (at least not for the pathogens 
tested). Nevertheless, even limited adhesion may result to an earlier onset of the symptoms and 
contribute to the severity of disease. 
Intestinal microbiota did not significantly affect the affinity of B. cereus NVH 0500/00 
for mucin, although the former could proliferate in the lumen at least in the absence of Bacillus. 
Ceuppens et al. (2012e) demonstrated that the behaviour of B. cereus in the presence of 
intestinal bacteria was influenced by their relative abundance, however adhesion was not 
investigated. The intestinal microbial diversity, as well as the ability of selected 
commensals/probiotics to exclude pathogens from intestinal binding sites may also influence 
pathogen adhesion (Vesterlund et al., 2006, Collado et al., 2007). Nevertheless, studies on the 
effect of complex communities are scarce. With our setup, Nhe was detected even in the 
presence of intestinal competition. The toxin signal in lumen was stronger than in PPBS, 
suggesting that mucin maintains the metabolic activity of B. cereus which facilitates toxin 
production. 
In this chapter, we have shown that adhesion of B. cereus NVH 0500/00 in the stationary 
phase is slightly higher than that of cells in the exponential phase. It was previously reported 











that spores of B. cereus are formed more intensively in the stationary phase (Rajkovic et al., 
2013) and attach better to mucin and other matrices than vegetative cells (Ronner et al., 1990, 
Sanchez et al., 2009), which supports our findings. Additionally, Sanchez et al. (2009) 
suggested a positive correlation between growth of B. cereus and adhesion to mucin. 
Nevertheless, the concentration of suspended B. cereus during gastrointestinal simulations does 
not usually reach the stationary phase (Wijnands et al., 2006b, Ceuppens et al., 2012e). Adhered 
bacteria may increase the total population density and thus provoke an earlier onset of toxin 
production, a process regulated by quorum sensing (Rutherford & Bassler 2012).  
Among the environmental factors we tested, pH and oxygen did not have a pronounced 
effect on mucin-adhered B. cereus. For example, neutral pH used to simulate the small intestine 
only slightly enhanced adhesion compared to mildly acidic pH (e.g. proximal colon). Adhesion 
of E. coli to polystyrene and glass was higher close to neutrality than at more acidic or alkaline 
pH values (Harber et al., 1983, Mafu et al., 2011). However, the effect of culture pH on the 
adhesion varies among different pathogenic microorganisms (Mafu et al., 2011). Hydrogen 
potential may affect the physical interactions at the initial step of colonization or alter the 
surface characteristics of both adhesion matrix and bacterial cell (An & Friedman 1998). To 
our knowledge, the effect of oxygen tension on adhesion has not been investigated. Even though 
B. cereus is a facultative aerobe, oxygen tension may affect its growth (Duport et al., 2004) and 
thus the adhesion potential to different surfaces. From our results, we infer that subjecting B. 
cereus to either micro-aerophilic conditions prevailing in the small intestine (Wilson 2008) or 
aerobic conditions is of minor importance to its adhesion. 
Overall, adhesion of B. cereus to mucin was not affected by the type of the medium 
used. According to Van den Abbeele et al. (2009), intestinal bacteria in intestinal water from 
the AC (SHIME) were less adherent than those in phosphate-buffered saline. Also, subjecting 
probiotic strains to bile and intestinal enzymes prior the adhesion assay decreased their 
attachment to immobilized mucus (Ouwehand et al., 2001). Differences in media composition, 
ionic strength (electrolytes) and surface tension may affect B. cereus attachment. Adhesion of 
B. cereus to components of the medium or adhesion of the inactivated AC bacteria to mucin 
could also inhibit the ability of B. cereus to attach to mucin. However, this was not observed in 
this chapter suggesting that the ability of B. cereus to utilize mucin components as a substrate 
compensated for putative differential effects from the nutritional media. 
To our knowledge, adhesion of pathogenic B. cereus to simulated mucus and the factors 
affecting B. cereus-mucin interactions have not been previously investigated. We have shown 












different biotic and abiotic factors on adhesion was generally limited suggesting that B. cereus 
NVH 0500/00 is a versatile pathogen. Moreover, adhesion was strain-specific. Even limited 
initial adhesion may be advantageous to bacteria because it would delay clearance from the gut 
by resisting high shear forces and also increase the numbers of resident B. cereus, which can 
result in earlier onset of toxin production. Additionally, bacteria and toxins in close contact 
with the targeted intestinal epithelium may be protected from the hostile luminal environment 
(lack of nutrients (e.g. B. cereus NVH 1230/88 was inactivated in PPBS, while B. cereus NVH 
0500/00 could survive) and presence of digestive or bacterial proteases). To conclude, the 
ability of pathogenic B. cereus to adhere and simultaneously degrade mucin may serve as a 
mechanism to overcome the hurdles of the luminal environment and penetrate the protecting 
mucus barrier enhancing its potential to cause disease. 
5. Addenda 
In order to determine if the adhesion of B. cereus NVH 0500/00 to mucin agar was 
associated with the presence of the mucin or the agar, culture preparations were added in wells 
with mucin agar (5% mucin solidified with 1% agar) or agar alone (1% agar) (Table A 3-1). 
The culture was prepared as described in section 2.1 of this chapter. The washed culture was 
diluted 1000 times before the addition to wells with mucin agar (‘5% mucin’) or agar alone 
(‘0% mucinI’) in order to achieve similar bacterial concentration in the ‘Inoculum’. Furhermore, 
the washed culture was diluted 10 times before the addition to wells with agar alone (‘0% 
mucinL’) in order to obtain similar bacterial concentration in the ‘Lumen’ with that of the 
experiment designated as ‘5% mucin’. Adhesion experiments were performed as described in 
section 2.2 of this chapter. 
The concentration of adhered B. cereus NVH 0500/00 to mucin agar was significantly 
higher than that to agar alone, when comparisons were based on experiments with either similar 
lumen (p=0.0284) or inoculum (p=0.0003) bacterial concentrations. 











Table A 3-1. Concentration of Bacillus cereus NVH 0500/00 during adhesion assays performed with 
mucin agar (5% mucin) or agar alone (0% mucin). Samples were taken before incubation (Inoculum) 
and after 90-min incubation of the Inoculum in empty wells (PPBS). After incubation, the liquid 
sample on top of the mucin agar or agar alone (Lumen) was also collected. Extracts from the mucin 
agar (Mucin) and agar alone (Agar) were also collected. The bacterial concentrations presented as 
Mucin and Lumen were obtained from the same well. [0% mucinI]: Adhesion experiments in the 
presence of the agar alone designed to obtain similar Inoculum bacterial concentration with that of 
the experiment designated as ‘5% mucin’; [0% mucinL]: Adhesion experiments in the presence of the 
agar alone designed to obtain similar Lumen bacterial concentration with that of the experiment 
designated as ‘5% mucin’. The results are expressed as average log CFU/mL ± standard deviation 
and they are determined after plating on BHI agar. Values designated with the same lowercase (or 
capital) letter are not significantly different (p>0.05) when values in the same column (or row) were 
considered. Values with the same lowercase (capital) letter in same row (column) are not indicative 
of the presence or absence of any significance. Statistical comparisons were not performed between 
0% mucinL and 0% mucinI.  
 
0% mucinL 0% mucinI 5% mucin 
Inoculum 6.32 ± 0.21aA 4.48 ± 0.17aB 4.48 ± 0.17aB 
Mucin/Agar 3.92 ± 0.30bA 3.36 ± 0.66bA 5.18 ± 0.49bB 
Lumen 6.28 ± 0.30aB 4.35 ± 0.42aA 6.68 ± 0.65cB 
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 Chapter 4 
ADHESION OF BACILLUS CEREUS TO MUCIN MICROCOSMS 
DURING GASTROINTESTINAL PASSAGE 
Abstract 
Adhesion to the intestinal epithelium could constitute an essential mechanism of 
Bacillus cereus pathogenesis. However, the enterocytes are protected by mucus, a secretion 
composed mainly of mucin glycoproteins. These may serve as nutrients and sites of adhesion 
for intestinal bacteria. In this chapter, the food poisoning strain B. cereus NVH 0500/00 was 
exposed in vitro to gastrointestinal hurdles prior to evaluation of its attachment to mucin 
microcosms and its ability to produce non-haemolytic enterotoxin (Nhe). The persistence of 
mucin-adhered B. cereus after simulated gut emptying was determined using a mucin adhesion 
assay. The stability of Nhe towards bile and pancreatin (intestinal components) in the presence 
of mucin agar was also investigated. B. cereus could grow and simultaneously adhere to mucin 
during the in vitro ileal incubation, despite the adverse effect of prior exposure to low a pH or 
intestinal components. The final concentration of B. cereus in simulated lumen at 8 hours of 
incubation was 6.62 ± 0.87 log CFU/mL. At that point, the percentage of adhesion was 
approximately 6.5%. No Nhe was detected in the ileum due to either insufficient bacterial 
concentration or enterotoxin degradation. Nevertheless, mucin appears to retain B. cereus and 
to supply it to the small intestine after simulated gut emptying. Furthermore, mucin may play a 
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1. Introduction  
Food poisoning bacteria of Bacillus cereus produce one or more presumptive 
enterotoxins including the non-haemolytic enterotoxin (Nhe), haemolysin BL (Hbl) and 
cytotoxin K (CytK) (Ceuppens et al., 2011). These toxins are pore-forming proteins (Hardy et 
al., 2001, Fagerlund et al., 2008) that can cause diarrhea presumably through colloid osmotic 
lysis of the epithelial cell membranes (Beecher & Wong 1997, Fagerlund et al., 2008). The 
expression of enterotoxins appears to be controlled by quorum-sensing (Slamti & Lereclus 
2005, Gilois et al., 2007), which suggests that B. cereus must outlive gastrointestinal passage 
and proliferate in the intestine in order to produce toxins (Granum & Lund 1997, Gilois et al., 
2007). Additionally, enterotoxins must be formed in sufficient amounts and maintain their 
functionality long enough to damage the intestinal epithelium and cause diarrhea. Both bacterial 
survival and enterotoxin production depend on the environmental determinants (history) and 
intrinsic properties of B. cereus, as well as the host status (e.g. health, age) and defenses (Jobin 
et al., 2002, Clavel et al., 2004, Wijnands et al., 2009, Ceuppens et al., 2012c, Ceuppens et al., 
2012d). 
In vitro data suggest that B. cereus vegetative cells are generally sensitive to the low pH 
encountered in the stomach (Clavel et al., 2004, Ceuppens et al., 2012c) and they may be 
inactivated by bile secreted in the duodenum (Clavel et al., 2007, Kristoffersen et al., 2007, 
Ceuppens et al., 2012d). In contrast, spores resist both acidic conditions and the presence of 
bile (Clavel et al., 2004, Kristoffersen et al., 2007, Ceuppens et al., 2012c, Ceuppens et al., 
2012d), but they do not germinate at bile salt concentrations between 5 to 10 g/L (Ceuppens et 
al., 2012d). Incubation of B. cereus in the presence of microbial competition inhibits the 
outgrowth of germinated spores (Ceuppens et al., 2012b) and the effect is more pronounced 
when the intestinal bacteria are more abundant than B. cereus (Ceuppens et al., 2012e). Other 
studies have shown that spore germination and growth are possible during gastrointestinal 
simulations, however enterotoxin production was not assessed (Wijnands et al., 2006b). 
Presumptive enterotoxins, when produced, are unstable (Gilois et al., 2007) and can be 
degraded rapidly in the presence of digestive enzymes (Wijnands 2008, Ceuppens et al., 2012a). 
Evidently, B. cereus has to withstand and adapt to the environmental hurdles posed by the host 
(Thomassin et al., 2006) and requires a subset of specific conditions to express its virulence. 
The factors regulating enterotoxin gene expression in B. cereus have been comprehesively 
reviewed by Ceuppens et al., (2011). 











Adhesion of B. cereus to the intestine has been proposed as a mechanism of 
pathogenesis (Andersson et al., 1998, Pielaat et al., 2006, Wijnands 2008). Adhesion to the gut 
surfaces may increase the bacterial transit time and result in enterotoxin secretion in the 
proximity of the epithelium. This would facilitate the rapid transfer of toxins to the target cells 
and protect them from extensive dilution or degradation in the intestinal lumen (Andersson et 
al., 1998, Wijnands 2008, Ceuppens et al., 2012b). Most relevant studies focus on adhesion of 
B. cereus to Caco-2 cells, which may express a small-intestinal phenotype after differentiation, 
or other cell lines (Andersson et al., 1998, Ramarao & Lereclus 2006, Wijnands et al., 2007, 
Auger et al., 2009). Nevertheless, enterocytes are covered by mucus consisting mainly of mucin 
glycoproteins that serve as sources of nutrients and offer a plethora of adhesion sites for both 
commensal and pathogenic bacteria (Linden et al., 2008, Derrien et al., 2010). Yet to date only 
a few studies have dealt with the attachment of B. cereus to mucin substrata. We have 
demonstrated that food poisoning strains of the B. cereus group could adhere to mucin 
preparations to different extents during short term incubation under various environmental 
conditions (chapter 3). Sanchez et al., (2009) demonstrated that the attachment of Bacillus 
isolates from probiotics to intestinal models was dependent on the bacterial strain, the 
physiology (spores or cells), as well as the adhesion substratum (mucin, matrigel and Caco-2 
cells). The latter finding suggests that bacterial affinity for Caco-2 cells does not guarantee 
efficient attachment to other biological surfaces and the specific interactions of B. cereus with 
mucin need to be further investigated. 
In this chapter, the food poisoning bacterium B. cereus NVH 0500/00 was exposed to 
various gastrointestinal hurdles in vitro prior to evaluation of its attachment to mucin 
microcosms. The ability of this strain to produce Nhe toxin under these conditions was studied 
with a commercial immunoassay. Subsequently, we investigated the role of mucin in the 
persistence of B. cereus NVH 0500/00, by using the mucin adhesion assay described in chapter 
2, and the stability of enterotoxins in vitro in the presence of intestinal components. The aim of 
this work was to gain insight into the adhesion potential of B. cereus after exposure to a 
simulated host environment, to elucidate its involvement in pathogenesis and to uncover 












2. Materials and methods  
2.1. Definitions 
Some key terms used in this chapter are defined as follows: Mucin-adherent bacteria or 
adherent, bacteria attached to mucin agar or microcosms; Luminal bacteria, nonadherent 
bacteria; Supernatant, a bacterium-free solution obtained after the centrifugation of a bacterial 
culture; Simulated lumen or lumen, a solution with intestinal components and bacteria (in 
contact with the mucin agar or microcosms); Intestinal water, a solution with intestinal 
components, but no bacteria (in contact with mucin agar).  
2.2. Gastrointestinal simulation 
2.2.1. Bacterial strains and preparation of precultures  
B. cereus NVH 0500/00 was kindly provided by Prof. M. H. Guinebretière of the 
National Institute for Agricultural Research (INRA, France). This strain has been involved in 
food poisoning (Ehling-Schulz et al., 2005a) and produces Nhe (Table 3-1, chapter 5 and 6), 
but does not encode for Hbl or CytK (Guinebretière et al., 2002, Guinebretière et al., 2006). B. 
cereus NVH 0500/00 adheres well to mucin agar (chapter 2 and 3). 
A loopful of B. cereus NVH 0500/00 was transferred aseptically from a -80 °C stock 
culture to test tubes containing 10 mL of Brain Heart Infusion broth (BHI, Oxoid). The pre-
culture was incubated overnight at 37 °C (atmospheric headspace) without shaking. The 
overnight culture was ten-fold diluted in fresh BHI broth and was incubated at 37 °C 
(atmospheric headspace) on a rotary shaker (110 rpm) for approximately 2.5 hours. 
Subsequently, the culture was centrifuged at 5000 g for 20 min at 4 °C and the pellet was 
washed twice with 0.1 M potassium phosphate buffered saline (PPBS) at pH 7.0. The cells were 
re-suspended in the same buffer to an absorbance at 610 nm (A610nm) of approximately 1.5 (± 
0.15).  
Five independent biological replicates were performed on different days. In total, 13 
technical replicates were executed (2 technical replicates for each of 2 biological replicates and 
3 technical replicates for each of the other 3 biological replicates). 











2.2.2. Stomach simulation 
The suspension with an A610nm of ca. 1.5 was centrifuged at 5000 g for 20 min at 4°C. 
The pellet was re-suspended in 280 mL of simulated food solution and was placed in an 
incubation vessel. The initial bacterial concentration was ca. 7.5-8.0 log CFU/mL and was 
determing as described in section 2.2.5 of this chapter. The simulated food solution contained 
1g/L arabinogalactan (Sigma), 2 g/L pectin from apple (Sigma), 1 g/L xylan from beach wood 
(Sigma), 3 g/L starch from potato (Anco), 0.4 g/L D-glucose (Sigma), 3 g/L yeast extract 
(Oxoid), 1 g/L proteose peptone (Oxoid), 0.5 g/L L-cysteine (Sigma) and 4 g/L mucin type II 
from porcine stomach (Sigma). During the 2-hour gastric incubation, a stepwise decrease of 1 
pH unit per 30 min from pH 5.0 to 2.0 (± 0.1) was accomplished by automated addition of 0.5 
N HCl (VWR) using multi-parameter controllers (Consort R305) equipped with pH electrodes. 
2.2.3. Upper small intestine (duodenum/jejunum) simulation 
The simulated gastric suspension was transferred to a new vessel with the simultaneous 
addition of 120 mL of a fresh intestinal solution using peristaltic pumps with a mixing ratio of 
7 to 3, respectively (the pumping of the two solutions started and ended simultaneously). The 
intestinal solution consisted of 12.5 g/L NaHCO3 (Sigma-Aldrich), 1 g/L pancreatin from 
porcine pancreas (Sigma-Aldrich) and 6 g/L Oxgall bile (Difco). The final concentration of bile 
and pancreatin (intestinal components) was 1.8 g/L and 0.3 g/L, respectively. The pH of the 
final mixture was adjusted to 7.0 ± 0.1 by automated addition of 0.5 N NaOH (VWR) using pH 
controllers and was kept constant until the end of incubation. The retention time was 2 hours. 
2.2.4. Ileum simulation 
Subsequently, vessels were operated either for four more hours without further 
manipulation (control) in order to harbor only luminal B. cereus (2 biological replicates with 2 
technical replicates each, n=4) or after incorporating a mucosal environment (3 biological 
replicates with 3 technical replicates each, n=9). Approximately 230 mucin-covered 
microcosms (AnoxKaldnes K1 carrier, AnoxKaldnes AB) per liter (food and intestinal) solution 
were prepared by submerging the microcosms in freshly prepared mucin agar (Van den Abbeele 
et al., 2012). The mucin agar (pH 6.8) consisted of 5% w/v porcine mucin type II (Sigma) and 
1% w/v bacteriological agar (Oxoid). Mucin-covered microcosms were prepared the day before 












containing 1 g/L neutralized bacteriological peptone (Oxoid) and 8.5 g/L NaCl (Merck). The 
percentage of adhesion (Adhesion %) at the end of the ileal incubation was calculated as: 
𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 % =  
 𝐴𝑑ℎ𝑒𝑟𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 8 ℎ (𝐶𝐹𝑈/𝑚𝐿)
𝐴𝑑ℎ𝑒𝑟𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 8 ℎ (𝐶𝐹𝑈/𝑚𝐿) + 𝐿𝑢𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 8 ℎ (𝐶𝐹𝑈/𝑚𝐿)
𝑥100 
 
Table 4-1 gives an overview of the experimental setup during gastrointestinal 
simulations. 
 




pH Simulation Action Studied effect 
0-2 
5.0 to 2.0 
(Stepwise 
decrease of 1 pH 
unit per 30 min) 
Stomach 
(luminal bacteria) 
280 mL simulated 
food inoculated with 





120 mL intestinal 







microcosms L-1 at 4 
h or nothing 
Adhesion 
2.2.5. Sampling 
Samples were collected with a sterile syringe during incubation in order to determine 
the concentration of luminal bacteria in all the simulated gastrointestinal compartments. 
Adherent bacteria were extracted from mucin-covered microcosms collected during ileal 
incubations (5 microcosms per sample). First, the microcosms were immersed in beakers 
containing sterile 0.1 M PPBS (pH 7.0) to remove loosely adherent bacteria. Then, the mucin 
agar was removed from the microcosms with a sterile needle, diluted 1:10 w/w in PPS and 
homogenized for 5 min in a stomacher (Stomacher Lab-Blender 400, Seward). Luminal and 
adherent bacteria were plated on Mannitol-Egg yolk-Polymixin agar (MYP, Oxoid) after 
tenfold serial dilutions in PPS. MYP was prepared according to the manufactures’ instructions. 
Plates were incubated overnight at 32 °C.  











The production of Nhe from B. cereus NVH 0500/00 was determined in 150 μL 
undiluted ileal sample using the Duopath® cereus Enterotoxins kit (Merck). 
2.3. Persistence of mucin-adhered Bacillus cereus after simulated lumen emptying 
2.3.1. Bacterial strains and preparation of cultures 
Cultures of B. cereus NVH 0500/00 were prepared as described in section 2.2.1 of this 
chapter. Bacteria with an A610nm of 1.5 (± 0.15) in 0.1 M PPBS (pH 7.0) were 1000 times diluted 
in the same buffer before use in the mucin adhesion assay. 
2.3.2. Mucin adhesion assay 
The mucin adhesion assay was performed as described in chapter 2. 1 mL of the diluted 
bacterial suspension was added in 12-well plates (VWR) containing 1.2 mL mucin agar (same 
composition as that used to cover the microcosms). This system was used to simulate lumen 
and mucus, respectively. Multi-well plates were incubated at 37 °C for 90 min on a rotary 
shaker (30-50 rpm) using a MART jar (Mart Microbiology) with AnaeroGen (Oxoid) sachets 
(Phase I).  
After incubation, the mucin agar surface was rinsed twice with 0.1 M PPBS (pH 7.0) to 
remove loosely adhered cells. Subsequently, the mucin agar was covered with 1 mL of sterile 
BHI broth or 0.1 M PPBS (pH 7.0). Plates were incubated for 2 hours under the conditions 
described in Phase I (Phase II).  
All experiments were performed in quadruplicates. 
2.3.3. Sampling 
Samples representing the simulated lumen were collected (post incubation) after mixing 
five times by pipetting to determine the level of luminal bacteria (Phase I and II). The mucin 
agar surface was washed as described in section 2.3.2 of this chapter and the whole mucin layer 
was transferred with a UV-sterilized spatula to a stomacher bag with 10 mL PPS. The mixture 
was homogenized for 5 to 10 min in a stomacher to extract adherent bacteria (Phase I and II). 
Luminal, as well as adherent B. cereus were determined by plating on BHI agar after tenfold 












2.4. Degradation of Nhe enterotoxin by intestinal components 
2.4.1. Bacterial strains and preparation of cultures 
An overnight culture of B. cereus NVH 0500/00 was diluted ten-fold in fresh BHI broth 
buffered with 0.1 M PPBS (pH 7.00) and was incubated on a rotary shaker (110 rpm) at 37 °C 
for 3 hours (atmospheric headspace). Production of Nhe enterotoxin was confirmed with the 
Duopath kit (Figure 4-1, Step 1). The pH of the culture was then corrected to pH 7.00 ± 0.05 
using 1 N NaOH. 
2.4.2. Transfer of Nhe to mucin agar 
1.2 mL of the Nhe positive culture (Figure 4-1, Step 2, Experiment 1 and 2) or its 
supernatant obtained after centrifugation at 5000 g for 15 min at 4 °C (Figure 4-1, Step 2, 
Experiment 3 and 4) was placed in empty wells of a 12-well plate (controls). Wells containing 
1.2 mL mucin agar also received 1.2 mL aliquots of the Nhe positive supernatant (Figure 4-1, 
Step 2, Experiment 5 and 6). Plates were incubated at 37 °C for 4 hours at 110 rpm. The 
supernatant incubated with the mucin agar was then collected, pooled and evaluated for the 
presence of Nhe. The mucin surface was then rinsed twice with 0.1 M PPBS at pH 7.0 to remove 
any remaining enterotoxin. Subsequently, the mucin agar was transferred with a UV-sterilized 
spatula to a stomacher bag containing 3 mL 0.1 M PPBS (pH 7.0) and homogenized for 5 min 
in the stomacher. The sample was centrifuged briefly to remove large mucin agar particles and 
was tested for the presence of Nhe using Duopath. 
 












Figure 4-1. Flow chart of simulation experiments used to investigate the stability of the non-
haemolytic enterotoxin (Nhe) in the presence of intestinal components. Step 1: Production of Nhe by 
Bacillus cereus NVH 0500/00 after growth in buffered BHI; Step 2: The Nhe-positive supernatant 
obtained from Step 1 was incubated with Nhe-free-mucin agar layer (Exp. 5) to facilitate transfer of 
Nhe to the mucin agar. As controls for Nhe stability, Nhe-positive culture (Exp. 1-2) and culture 
supernatant (Exp. 3-4) were incubated under the same conditions in the absence of mucin agar; Step 
3: Samples obtained from Step 2 (Exp. 1-4) were incubated without (Exp. 1 and 3) and with intestinal 
components (Exp. 2 and 4) (controls). The culture supernatant incubated with the mucin agar layer 
in Step 2 (Exp. 5), as well as Nhe-free PPBS (Exp. 6) were each mixed with intestinal components 
and then incubated with the Nhe-positive mucin agar layer obtained from Step 2; During each step, 
the presence of Nhe in the mucin agar extract (‘mucin’, Exp. 5-6) or culture, culture supernatant 
and intestinal water (‘liquid sample’, Exp. 1-6) was evaluated using Duopath; [CUL-] Culture 
without intestinal components; [CUL+] Culture with intestinal components; [SUP-] Culture 
supernatant without intestinal components; [SUP+] Culture supernatant with intestinal components; 
[PPBS] Potassium phosphate buffered saline; [IW] Intestinal water; [IW SUP+] Supernatant that 
has been incubated with mucin agar (Step 2, Exp. 5) was mixed with intestinal components and then 
incubated with the Nhe-positive mucin agar layer obtained from Step 2; [IW PPBS+] PPBS was 
mixed with intestinal components and then incubated with the Nhe-positive mucin agar layer 
obtained from Step 2; [mucin SUP+] The mucin agar layer in contact with IW SUP+; [mucin PPBS+] 
The mucin agar layer in contact with IW PPBS+; [NA] Not applicable; [Nhe+] Nhe-positive; [Nhe-] 
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2.4.3. Stability of Nhe in the presence of intestinal components 
The supernatant collected after a 4-hour incubation with mucin agar in Step 2, as well 
as 0.1 M PPBS (pH 7.00) were mixed with intestinal components to a final concentration of 2.5 
g/L Oxgall and 0.815 g/L pancreatin (Figure 4-1, Step 3, Experiment 5 and 6, respectively). 
Aliquots (1.2 mL) of each solution were placed in wells with Nhe positive mucin agar (from 
Step 2). Both the supernatant and PPBS supplemented with intestinal components and placed 
on mucin agar are referred to as intestinal water (IW). Plates were incubated at 37 °C on a rotary 
shaker at 110 rpm. The culture and culture supernatant (controls) were also incubated either 
without (Experiment 1 and 3, respectively) or with (Experiment 2 and 4, respectively) intestinal 
components. During incubation, the culture, the culture supernatant, the intestinal water, as well 
as the mucin layer were tested for the presence of Nhe. 
2.5. Statistical analysis 
Statistical analysis was performed using R 3.2.0 (http://www.R-project.org). Normality 
of log-transformed data was assessed with the Shapiro-Wilks test, as well as Q-Q plots. For a 
low number of observations (n=3-5), no distributional assumptions were made. 
Homoscedasticity for pairwise comparison was performed using a bootstrapped classical 
Levene’s test (with correction factor) or modified-Levene’s test (with modified structural zero 
removal method and correction factor) for normally and non-normally distributed data, 
respectively. In the two-sample case, non-normally distributed data were compared with 
Wilcoxon rank sum test, while a two-sample t-test was used for normally distributed data (or 
Welch modified t-test was used if the homoscedasticity assumption was not met). For multiple 
comparisons, analysis of variance (ANOVA) was carried out if the required assumptions were 
withheld. When admissible, post-hoc testing with the Tukey honestly significant difference 
(HSD) correction was used. If normality was violated, but homoscedasticity was withheld, a 
Kruskal-Wallis rank-sum test was executed followed by a pairwise Wilcoxon-rank sum test 
with Holm correction (Holm 1979). When the homoscedasticity assumption was rejected for 
normally distributed data, a weighted least-squares analysis was performed (with the square 
rooted residuals as weights), however if weighting did not stabilize the homoscedasticity, a 
Welch-corrected ANOVA was carried out. Non-parametric multiple contrast tests with 
simultaneous confidence intervals (Konietschke & Hothorn 2012, Konietschke et al., 2015) 
were calculated for the non-normally distributed data. With these tests, Tukey HSD contrasts 











were used with a Fisher transformation function. The significance level was set at 5%. The 
results are expressed as the average values of log CFU/mL with standard deviations. 
3. Results 
3.1. Gastrointestinal simulation 
The effect of pH on the survival of B. cereus was determined during gastric simulations. 
Figure 4-2 (Stomach) illustrates the total concentration of B. cereus NVH 0500/00 detected 
during a stepwise pH reduction (1 unit per 30 min) from 5.0 to 2.0. A small, but significant 
(p=0.026 for 0 h versus 1 h), inactivation of B. cereus was observed during the first hour of 
incubation corresponding to pH values higher than 4.0. Additionally, a 30-minute incubation at 
pH 3.0 resulted in a large and significant decrease (p˂0.0001) in the total microbial population 
(Δlog = 2.48 ± 0.56 log). Further acidification of the medium to pH 2.0 had a limited, but 
statistically significant effect (p<0.01) on bacteria compared to pH 3.0. After the simulated 
gastric passage, the final concentration of B. cereus was 4.71 ± 0.34 log CFU/mL. 
Two hours after inoculation, the gastric contents were mixed with an intestinal solution 
in order to simulate the effect of host intestinal secretions (bile/pancreatin) in the upper small 
intestine. B. cereus NVH 0500/00 could survive without extensive inactivation (p>0.32) during 
a subsequent 2-hour incubation at pH 7.0 in the presence of 1.8 g/L bile and 0.3 g/L pancreatin 
(Δlog = 0.29 ± 0.75 log) (Figure 4-2, Duodenum/Jejunum). 
The ileal phase started with the addition of mucin microcosms in order to study the 
ability of B. cereus to adhere to relevant intestinal surfaces. The concentration of luminal 
bacteria in the presence of mucin microcosms did not differ (p˂0.05) from those in the control 
experiments without the mucin microcosms (results not shown), therefore the luminal bacterial 
concentration at each time point is given as the average value for both systems (Figure 4-2, 
Ileum). After the gastric and duodenal/jejunal challenge, B. cereus could recover during the 
ileal simulation: This resulted in a significant increase (p<0.0001) of 2.34 log in the luminal 
bacterial concentration within 4 hours of incubation. The concentration of luminal bacteria at 
the end of the gastrointestinal simulation (8 h) was 6.62 ± 0.87 log CFU/mL. Nhe was not 
detected at any point of the ileal incubation. An hour after the addition of mucin microcosms 
(5 h), 2.8 ± 1.1 log CFU/mL was adherent and the bacterial concentration continued to increase 












CFU/mL (Figure 4-2, Ileum). At this point, 6.52 ± 9.07% of the B. cereus population was 
adhering to mucin microcosms. 
 
 
Figure 4-2. Total luminal (columns) and mucin-adhered (dots) Bacillus cereus NVH 0500/00 and pH 
profile (line) imposed during gastrointestinal simulation. The results are expressed as the average 
values of log CFU/mL with standard deviations. Statistical comparisons were performed for each 
gastrointestinal compartment separately (e.g. stomach, duodenum/jejunum or ileum). Capital and 
lowercase letters refer to suspended and adhered bacteria, respectively. Values designated with the 
same letter (in a given gastrointestinal compartment) are not significantly different (p>0.05). 
3.2. Persistence of mucin-adhered Bacillus cereus after simulated lumen emptying 
During Phase I of the mucin adhesion assay, the total amounts of luminal and adherent 
B. cereus NVH 0500/00 were 5.43 ± 0.31 and 4.28 ± 0.17 log CFU/mL, respectively (Table 
4-2, Phase I). After the mucin agar was washed, sterile PPBS or BHI was added to wells with 
mucin agar that contained the adherent bacteria from Phase I. Within two hours of incubation, 
both media were populated with bacteria originating from the mucin layer. The total amount of 
luminal bacteria (approximately 6 log CFU/mL) did not differ (p=0.97) between PPBS and BHI 
(Table 4-2, Phase II). These values were significantly higher than the luminal B. cereus values 
from Phase I (p=0.006 for PPBS and p=0.01 for BHI). The concentrations of mucin adherent 
bacteria in Phase II ranged between 4.7 and 5.0 log CFU/mL and were also significantly 
enhanced over those Phase I (p<0.0006 for PPBS and p=0.03 for BHI). 
 











Table 4-2. Total counts of luminal and mucin adherent Bacillus cereus NVH 0500/00 during Phase 
I (adhesion of luminal bacteria to mucin) and Phase II (repopulation of bacterial-free PPBS or BHI 
by adherent bacteria) incubations. The results are expressed as average log CFU/mL ± standard 
deviation and they are determined after plating on BHI agar. Results designated with the same letter 
are not significantly different (p>0.05) when values in the same column were considered. Values with 





PPBS I 5.43 ± 0.31a 4.28 ± 0.17a 
PPBS II 6.09 ± 0.34b 4.98 ± 0.09b 
BHI II 6.04 ± 0.18b 4.65 ± 0.30b 
3.3. Degradation of Nhe enterotoxin by intestinal components 
Nhe was produced during the growth of B. cereus NVH 0500/00 in buffered BHI 
(Figure 4-1, Step 1). The culture supernatant positive for Nhe was incubated for 4 hours with 
(Nhe negative) mucin agar. After incubation, the enterotoxin was detectable in the mucin agar 
layer by using Duopath (Figure 4-1, Step 2, Experiment 5 and 6). The stability of Nhe toxin in 
mucin agar was then investigated in the presence of intestinal water (Figure 4-1, Step 3, 
Experiment 5 and 6). Control experiments without mucin agar (CUL and SUP) were also 
performed (Figure 4-1, Experiment 1 to 4). All results are presented in Table 4-3. 
No changes in the detection of Nhe were noticeable during incubation of the culture and 
culture supernatant in the absence of intestinal components (CUL- and SUP-). However, the 
addition of bile and pancreatin (CUL+ and SUP+) resulted in a weaker band density even 1 
hour after the initiation of the experiment. At 9 hours, the signal representing the presence of 
Nhe was weak. The average pH remained neutral during the experiment. 
Nhe present in the mucin layer was adversely affected by the presence of bile and 
pancreatin in intestinal water and was barely detectable after 6 hours (Mucin SUP+ and 
PPBS+). Degradation of Nhe in the mucin agar (Mucin SUP+) was faster than in the intestinal 
water (IW SUP+). Interestingly, the signal of Nhe was weaker in the intestinal water that was 
not placed back to the mucin agar during Step 3 than in its presence (results not shown). When 
toxin-free PPBS supplemented with bile and pancreatin (IW PPBS+) was placed on Nhe 
positive mucin agar, the Nhe response in the mucin agar extract also became weaker during the 












(Mucin SUP+ versus PPBS+) despite the type of intestinal water used (IW SUP+ or PPBS+). 
Nhe was detected in the originally toxin-free intestinal water based on PPBS (IW PPBS+) 1 
hour after incubation with Nhe positive mucin agar. 
 
Table 4-3. Stability of Nhe in mucin agar, culture, culture supernatant and intestinal water during 
incubation in the presence or absence of bile and pancreatin mixture. Asterisks indicate the toxin 
signal intensity as interpreted from the results of the Duopath kit: [*] Weak response; [**] Averange 
response; [***] Strong response; [****] Very strong response. [Exp.] Experiment. [Code] Code of 
each experiment as described in Figure 4-1; [Mucin] Mucin agar; [CUL] Culture; [SUP] Culture 
supernatant; [IW] Intestinal water; [+] Samples with intestinal components; [–] Samples without 
intestinal components; [†] Average pH during incubation; [††] Initial pH. Samples for experiments 
5a and 5b were obtained from the same well, as were samples for experiments 6a and 6b;  
Exp. Code 
Nhe signal intensity at time (h): 
pH† 
0 1 3 6 9 
1 CUL- **** **** **** **** **** 6.96 ± 0.04 
2 SUP- **** **** **** **** **** 6.98 ± 0.04 
3 CUL+ **** *** *** ** * 6.95 ± 0.05 
4 SUP+ **** *** *** ** * 6.99 ± 0.05 
5a IW SUP+ **** *** *** *** ** 7.04 ± 0.07 
5b Mucin SUP+ **** *** *** * * 6.80 ± 0.05†† 
6a IW PBBS+ * ** ** ** ** 7.03 ± 0.06 
6b Mucin PBBS+ **** *** *** * * 6.80 ± 0.05†† 
4. Discussion 
Studies on the interaction of pathogenic B. cereus with the epithelium suggest that 
adhesion is a possible mechanism of pathogenesis (Hoath & Leahy 2003, Houben et al., 2007). 
The enterocytes are covered by a protective mucus layer that prevents direct adhesion of 
bacteria to the intestinal epithelium. Only a limited number of studies have investigated the 
importance of simulated mucus in the adhesion and nutrition of B. cereus (Sanchez et al., 
(2009), chapter 3). In these studies, adhesion experiments were short term (a maximum of 1.5 
hours) and bacteria were not exposed to stresses encountered during gastrointestinal passage 
prior to adhesion. The role of mucin to the enterotoxin stability in the presence of intestinal 
components (host digestive secretions) has thus far not been investigated. 











Our results showed that adhesion of B. cereus NVH 0500/00 to simulated mucus 
increased during a 4-hour incubation under conditions mimicking those in the ileum. 
Approximately 5.5 log CFU/mL were bound to mucin at the end of incubation corresponding 
to ca. 6.5% of the total population. This percentage of adhesion is comparable with those of 
other bacteria known for their preference for mucin, such as Lactobacillus mucosae, L. 
rhamnosus GG and adhesive invasive Escherichia coli (approx. 8-11%) (Van den Abbeele et 
al., (2012), chapter 2). An increase in the total population of B. cereus in the gut due to adhesion 
may be critical for the onset of pathogenesis, because the enterotoxins associated with diarrheal 
disease are positively regulated by a PlcR quorum sensing system (Gohar et al., 2008). Such 
cell-to-cell communication mechanisms often promote adhesion and/or biofilm development, 
as in E. coli, Vibrio scophthalmi and Pseudomonas aeruginosa (González Barrios et al., 2006, 
Garcia-Aljaro et al., 2012, O'Loughlin et al., 2013). In contrast, Hsueh et al., (2006) 
demonstrated that biofilm formation by B. cereus ATCC 14579 is repressed by PlcR at least 
when nutrients are limited. To what extent the adhered bacterial population primarily 
contributes to toxin production under intestinal conditions needs to be further studied. 
In this chapter, Nhe was not detected in the lumen during ileal simulations. These results 
were consistent with those for different strains of B. cereus in lasagna verde or Tryptone Soy 
Broth media with intestinal components (Ceuppens et al., 2012a). Ceuppens et al., (2012b) also 
did not detect enterotoxins (Nhe or Hbl) during in vitro ileal growth of B. cereus in the absence 
of competitive microbiota. On the other hand, B. cereus F4430/73 incubated for 6 hours in 
intestinal media with peas, milk or chicken produced Hbl, however the toxin was not detected 
in the presence of more than 1.2 g bile per liter of solution (Clavel et al., 2007). Here, the 
concentration of bile was 1.8 g/L, which could explain the lack of Nhe. It was demonstrated 
previously that CytK is produced by a small subpopulation of B. cereus only (Ceuppens et al., 
2013b). If this is the case for Nhe, the amount of toxin produced by a small fraction of the 
population may be too small for detection by the Duopath kit. Due to the involvement of a 
quorum sensing system in enterotoxin expression (Gohar et al., 2008), a relatively high B. 
cereus concentration is required for detection. It is not clear if the lack of toxin detection is 
associated with the inefficient cell counts, the detection limit of Duopath, i.e. 6 ng NheB per 
mL (Krause et al., 2010) or toxin degradation. The stability of the toxin was therefore 
investigated.  
In the absence of intestinal components, Nhe appeared to be stable during incubation in 
both culture and supernatant (CUL- and SUP-) suggesting that bacterial hydrolases do not affect 












shown that NheB present in B. cereus supernatant was moderately stable at 30 °C with a half-
life of ca. 1.2 hours. It is possible that we did not observe degradation of Nhe under the 
conditions tested because the antibodies of the Duopath kit were saturated by the antigen. 
Nevertheless, the intensity of the Nhe signal was clearly reduced during the incubation of the 
culture and supernatant with pancreatin and bile (CUL+ and SUP+). A rapid degradation of 
Nhe in intestinal media (less than 1 hour) has been shown previously (Wijnands 2008, 
Ceuppens et al., 2012a). Our results demonstrated a degradation rate much slower compared to 
these studies, possibly due to differences in the setup (e.g. different concentration and strength 
of host proteases, differences in pH and different starting concentration of Nhe) or the different 
potency of strains to produce toxin. 
Our study shows for the first time, that toxin can be detected in mucin agar after 
incubation with an Nhe-positive supernatant (Figure 4-1). It remains unclear whether the 
enterotoxin is merely binding to the mucin surface (a receptor-mediated process) or is actually 
trapped in the mucus layer (a diffusion-associated process). It appears that the degradation of 
Nhe in the intestinal water (IW SUP+) is slower than in the supernatant (SUP+), where no 
mucin is present, as indicated at 6 hours of incubation (Table 4-3). This is more evident 
considering that the toxin level in the intestinal water (IW SUP+) at the beginning of the 
incubation was lower than that in the supernatant (SUP+) due to the partial transfer or binding 
of Nhe to the mucin (Figure 4-1, Step 2). These observations suggest that the presence of mucin 
agar may protect the toxin from degradation by host proteases. Although the toxin signal was 
more intense at 6 h in the intestinal water than in the mucin agar itself (IW and Mucin SUP+), 
the proposal of a protective effect may still stand because a) it is not clear if the toxin 
concentrations in the intestinal water and mucin agar at 0 h is equal and b) there is Nhe release 
or transfer (flux) from the mucin agar (Mucin PPBS+) to the intestinal water (IW PPBS+). This 
Nhe flux could be the rate-limiting step in toxin degradation. We therefore infer that the mucus 
layer may play an indirect role in protecting Nhe by restricting the availability of toxin to the 
lumen. Such a process resembles the protective effect that some extracellular polymeric 
substances have on bacterial biofilms when they are exposed to antibiotics (Costerton et al., 
1999, Davenport et al., 2014). 
Degradation is of course relevant only if toxin is produced, which would require the 
presence of a sufficient B. cereus population in the ileum. Bacterial concentrations between 5 
106-107 CFU/mL were required for the detection of Hbl and Nhe by an enzyme-linked 
immunosorbent assay (ELISA) (Pielaat et al., 2006). However, no enterotoxin was previously 
detected in the presence or absence of intestinal proteases when the B. cereus concentration 











was ˂7 log CFU/mL (Ceuppens et al., 2012a, Ceuppens et al., 2012b). In this chapter, we have 
determined that 6.6 log CFU/mL of luminal bacteria was present at the end of the ileal 
simulation, a value close to the limit mentioned above. The extent of B. cereus outgrowth in 
the ileum is determined by its survival in the upper gastrointestinal tract. We have observed 
extensive inactivation at pH˂4.0, similar to that shown during the incubation of B. cereus NVH 
1230/88 in gastric media (Ceuppens et al., 2012c, Ceuppens et al., 2012d). The remnant 
bacteria from the stomach simulation survived the bile and pancreatin treatment and resumed 
growth two hours after exposure to these components. Although, this behavior is consistent 
with that of other B. cereus strains (Wijnands et al., 2006b, Ceuppens et al., 2012e), studies 
have shown that factors including bile concentration, pH and food type may affect the responses 
of B. cereus to bile (Clavel et al., 2007, Ceuppens et al., 2012d). 
Rapid peristalsis in the small intestine results in a short transit time of the luminal 
contents (Wilson 2008), including luminal bacteria. On the other hand, adherent bacteria remain 
in the intestine until the turnover of mucin and epithelium (5 days) (Moffett et al., 1993). Using 
a mucin adhesion assay, we have shown that adherent bacteria (Table 4-2, Phase I) could 
‘contaminate/recolonize’ the simulated lumen (Table 4-2, Phase II). After the recolonization 
step, the total amount of both luminal and adherent cells increased. This suggests that the transit 
of B. cereus between mucus and the lumen could eventually result in a bacterial concentration 
sufficient to activate toxin production. A related concept representing the release of adherent 
B. cereus during the renewal of the epithelium has been incorporated in a mechanistic model 
for the gastrointestinal behavior of B. cereus (Pielaat et al., 2006). 
To summarize, B. cereus outgrowth and adhesion to mucin occur simultaneously in the 
simulated ileum. However, under these conditions, no Nhe could be detected. It is not clear if 
this is due to the insufficient concentration of B. cereus or the degradation of Nhe. Nonetheless, 
a high infectious dose such as the one used in this chapter would cause food poisoning 
according to Pielaat et al., (2006). The role of mucin with respect to B. cereus appears to be 
four-fold: i) it serves as a nutrient source (chapter 3), ii) it is a site for adhesion (chapter 2-4), 
iii) it retains/supplies bacteria to the small intestine (chapter 4) and iv) it may protect 
enterotoxins from degradation by host digestive secretions (chapter 4). The latter possibility 
needs to be further investigated using quantitative approaches, such as liquid chromatography 
(LC)-mass spectrometry (MS) and after the introduction of epithelial cells to the model to 















Part II:  
Methods for detection and quantification of 



































 Chapter 5 
DETECTION OF BACILLUS CEREUS ENTEROTOXINS USING 
MALDI-TOF/MS 
Abstract 
Enterotoxins produced by the Bacillus cereus group, such as cytotoxin K1 (CytK1) and 
non-haemolytic enterotoxin (Nhe), have been associated with diarrheal food poisoning. 
Detection of CytK1 is not possible with commercial assays, while Nhe is recognized by an 
immunological kit based on polyclonal antibodies, thus the kit does not specifically target this 
protein. The lack of suitable tools for the study of enterotoxins hampers the possibilities for 
accurate hazard identification and characterization in microbial food safety risk assessment. We 
applied matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF/MS) for the detection of CytK1 and Nhe produced using protein digests from 1D gel 
electrophoresis. Secretion of CytK1 and components of Nhe was confirmed in supernatants of 
different B. cereus cultures. For each protein, we introduce biomarkers that could be used for 
the screening of enterotoxin production in food poisoning or food/environmental isolates. For 
example, tryptic peptides of 2310.2 Da and 1192.5 Da can be indicators for CytK1 and NheA, 
respectively, although a simultaneous detection of other enterotoxin-specific peptides is 
recommended to assure the presence of a toxin in an unknown sample. Comparison of MALDI-
TOF/MS with the Tecra kit showed that our methodological strategy performed well and it had 
the competitive advantage of specifically detecting NheA. Therefore, MALDI-TOF/MS can be 
successfully incorporated into risk assessment procedures in order to determine the 
involvement of strains of the B. cereus group in foodborne outbreaks, including the recently 
described cytK1 producing species, Bacillus cytotoxicus. 
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The Bacillus cereus group (Priest et al., 2004) is comprised of six recognized species 
including B. cereus, a spore-forming soil bacterium (Nicholson 2002) frequently present in raw, 
dried and processed foods (Choma et al., 2000, Lindbäck et al., 2004, Zhou et al., 2008, Brychta 
et al., 2009). Because the exact classification of B. cereus strains within the group is often not 
known or difficult to establish due to the extensive genetic similarities between the species 
(Vilas-Boas et al., (2007) and references therein), isolates are usually classified as presumptive 
B. cereus. Consumption of contaminated foodstuffs can cause food poisoning resulting in 
emesis or/and diarrhea (Schoeni & Wong 2005, Schraft & Griffiths 2006, Stenfors Arnesen et 
al., 2008). The emetic illness is caused by the ingestion of cereulide (Agata et al., 1995b), a 
small cyclic dodecadepsipeptide that is synthesized by the non-ribosomal cereulide synthetase 
enzyme complex (Ehling-Schulz et al., 2005b). The genetic determinants of cereulide are 
plasmid-borne (Hoton et al., 2005, Ehling-Schulz et al., 2006a). The diarrheal disease is 
attributed to the secretion of chromosomally-encoded enterotoxins in the ileum of the host 
(McKillip 2000). Outbreaks of the latter type involve the production of several potential 
virulence factors, such as cytotoxin K (CytK) (Lund et al., 2000) and two tripartite proteins, 
haemolysin BL (Hbl) (Beecher & Macmillan 1991) and non-haemolytic enterotoxin (Nhe) 
(Lund & Granum 1996). It is now clear that all species of the B. cereus group carry genes 
coding these proteins (Ngamwongsatit et al., 2008b, Zhou et al., 2008, Guinebretière et al., 
2010). Several comprehensive reviews for B. cereus enterotoxin-mediated diarrhea have been 
recently published (Stenfors Arnesen et al., 2008, Ceuppens et al., 2011). 
Different techniques have been described for the detection of enterotoxins, such as 
simple and multiplex polymerase chain reactions (PCR) for the identification of one or more 
toxin genes (Ehling-Schulz et al., 2006b, Guinebretière et al., 2006, Ngamwongsatit et al., 
2008b, Wehrle et al., 2009). Even though PCR is a high-throughput method, its applicability is 
limited by the frequent false-negative results, due to the enterotoxin gene polymorphism among 
B. cereus strains (Mantynen & Lindstrom 1998, Hansen & Hendriksen 2001, Guinebretière et 
al., 2002). Furthermore, the presence of genes is not necessarily correlated with the actual 
protein secretion or the level of production and the toxicity, as transcriptional and translational 
factors may influence protein expression. On the other hand, biological assays (Vero and Caco-
2 cell lines) determine a cause-effect relationship and have been extensively used for the 
confirmation of toxin production (Lund & Granum 1996, Hardy et al., 2001, Dietrich et al., 
2005, Wehrle et al., 2009). However, culture supernatants added to the cell lines may lead to 











overestimation of the toxic potential associated with the diarrheal and emetic toxins because B. 
cereus secretes several other virulence factors (Kotiranta et al., 2000) that cannot be 
discriminated using these assays. 
Two commercial serological kits, the Bacillus cereus Enterotoxin Reversed Passive 
Latex Agglutination test (BCET RPLA, Oxoid) and the ELISA-based Bacillus Diarrheal 
Enterotoxin Visual Immunoassay (BDE VIA, Tecra), are available for Hbl and Nhe, 
respectively (Choma et al., 2000, Guinebretière et al., 2002, Ankolekar et al., 2009, Brychta et 
al., 2009). These systems cannot simultaneously identify both toxins and are sensitive towards 
only one of the three components of the protein complexes, although all three are required for 
maximal biological activity (Lund & Granum 1996, Lindbäck et al., 2004). Both assays employ 
polyclonal antibodies and consequently they are not specific, especially when culture 
supernatants are evaluated (Beecher & Wong 1994b, Lund & Granum 1996). Moreover, 
serological kits for the identification of CytK are not yet developed.  
Mass spectrometry (MS) approaches for the study of foodborne bacterial toxins are now 
gaining attention (Barr et al., 2005, Boyer et al., 2011, Sospedra et al., 2011) and a high 
performance liquid chromatography (HPLC) ion trap MS is already available for the 
quantification of cereulide (Haggblom et al., 2002, Hoton et al., 2009). Even though, 
enterotoxins have not been specifically investigated using MS, matrix-assisted laser desorption 
ionization time-of-flight MS (MALDI-TOF/MS) analysis of the B. cereus secretome 
demonstrated the presence of several protein components of the presumptive enterotoxins 
(Gohar et al., 2002, Gilois et al., 2007). Such analytical tools are highly specific and sensitive 
and could be applied for various purposes: from the screening of toxin samples using MALDI-
TOF/MS to toxin quantification by LC/MS. These characteristics offer MS a distinctive 
advantage over the conventional methods for the study of enterotoxins.  
In this chapter, we have selected a MALDI-TOF/MS strategy to specifically detect 
tryptic peptides obtained from enterotoxins produced by pure cultures of B. cereus strains which 
were obtained from several foodborne outbreaks. CytK1 and Nhe were selected as case studies. 
The former is the most toxic variant of the CytK toxin and cannot be confirmed by 
commercially available assays, while the latter is encoded by genes that are widespread among 
strains of the B. cereus group. Even though Hbl was initially considered the main virulence 
factor of diarrheal food poisoning, recent studies showed that, unlike Nhe, there is a very poor 
correlation between Hbl production (L2 component) and toxicity on Vero cells (Moravek et al., 
2006). For this reason, Hbl was not included in this chapter. The identification of the selected 












generated data with calculated masses obtained by applying cleavage rules to proteins found in 
public databases. For each protein, we propose biomarkers that can be used for the screening 
of B. cereus isolates from foodborne outbreaks for food safety risk assessment studies or food 
isolates for quality control during food processing.  
2. Materials and methods  
2.1. Bacterial strains and growth conditions 
All the tested strains were received as presumptive B. cereus strains (B. cereus NVH 
0500/00, B. cereus NVH 1230/88, B. cereus NVH 0391/98 and B. cereus NVH 0075/95) and 
were all involved in foodborne outbreaks. They were kindly provided by Prof. M.H. 
Guinebretière (National Institute for Agricultural Research (INRA), France) and Prof. P.E. 
Granum (Norwegian School of Veterinary Science (NVH), Norway). More information 
regarding the enterotoxin characteristics of these strains is given in Table 3-1.  
A 2% v/v aliquot of overnight pure cultures of these B. cereus strains was incubated in 
casamino acids/glucose/yeast extract medium (CGY) (Beecher & Wong 1994a) for 6-8 hours 
at 32 °C on a rotary shaker (100-200 rpm). Proteolytic activity of the cell-free supernatants 
(10000 g for 20 min at 4 °C) was inhibited by the addition of 1mM ethylenediaminetetraacetic 
acid, pH 8.5 (EDTA, Merck) and 1mM phenylmethylsulfonyl fluoride (PMSF, Sigma). 
2.2. Protein concentration and separation 
Crude proteins of the supernatant were precipitated overnight at 4 °C with 70% 
saturation of (NH4)2SO4 (Merck) at 300 rpm followed by centrifugation at 10000 g for 30 min 
at 4 °C. The liquid fraction was passed through a 0.2 μm Filtropur V 25 vacuum filtration unit 
(Sarstedt), the filter was washed with 10 mM sodium phosphate buffer/1 mM EDTA (pH 7.00) 
and the retentate was mixed with the pellet. The resulting mixture was further dissolved in the 
same buffer until the crude proteins of the original suspension (culture supernatant) were 
concentrated up to 20 times. The protein concentrate was desalted by dialysis (Spectra/Por 1 
standard RC dialysis tubing, cut-off 6-8 kDa, Spectrum labs) with three buffer changes (sample 
to buffer ratio (v/v) of 1:100) for 24 hours each (4 °C). 
Dialyzed proteins were separated by 1D electrophoresis with 15% polyacrylamide gels 
in 1x tris-glycine-sodium dodecyl sulfate (TGS) buffer, pH 8.3 (Bio-Rad) after boiling for 10 
min at 94 °C in Laemmli buffer with 8% v/v 2-mercaptoethanol (Sigma). Precision Plus 











Protein™ Dual Color Standards (Bio-Rad) were used as molecular weight markers. After 
electrophoresis, proteins were fixed for 30 min in 50% v/v ethanol (Baker)/2% v/v H3PO4 
(Acros, Thermo Fisher Scientific) and stained overnight with a preparation of Coomassie 
Brilliant Blue G250 (Sigma). The excess dye was removed in a bath of 30% v/v methanol 
(VWR) for 15-30 min. Individual bands between 25 and 50 kDa were excised from the gels, 
washed with Milli-Q (Millipore) and kept separately at -20 °C until use. When two or more 
bands of similar molecular weight were barely visible, they were excised all together and treated 
as a pooled sample. 
2.3. Protein digestion 
Gel bands (or pooled samples) were grounded to small pieces and immersed in 150 μL 
200 mM NH4HCO3 (Sigma-Aldrich)/50% v/v acetonitrile (Biosolve) for 20 min at 30 °C. The 
washing process was repeated until the stain was completely removed. The gel pieces were then 
dried in a Savant SpeedVac SC110 concentrator (Thermo scientific) and subsequently 
incubated on ice for 1 hour with digestion buffer (50 mM NH4HCO3, pH 7.5-8.0) containing 
sequencing grade modified trypsin (Promega). The final enzyme to protein ratio (w/w) was 
1:20-100. Protein concentration was estimated visually by comparison of the density of a band 
with that of Precision Plus Protein™ Dual Color Standards. Subsequently, gel pieces were 
covered with digestion buffer and incubated overnight at 37 °C. The liquid fraction was then 
collected and the pieces were washed twice with 35 μL 60% v/v acetonitrile/0.1% v/v formic 
acid (Sigma-Aldrich) at 30 °C for 20 min. The extracts were dried and stored at -20 °C until 
use. Before analysis, peptide pellets were dissolved in 5 μL 0.1% v/v formic acid. For each 
sample, different dilutions in the same solvent were also prepared. 
Samples (and dilutions) were mixed in equal volumes with matrix consisting of 5 
mg/mL α-cyano-4-hydroxycinnamic acid (Sigma) in 50% v/v acetonitrile, 0.1% v/v 
trifluoroacetic acid (Applied Biosystems) and 10 mM diammonium citrate (Sigma) and 0.5 µL 
of this mixture were spotted on an optiTOF 384 MALDI target plate (Applied Biosystems). 
2.4. Data aquisition 
Spots were analyzed using 4800 Plus MALDI TOF/TOF Analyzer (Applied 
Biosystems) with an Nd:YAG laser (200 Hz, 355 nm) controlled by the 4000 Series Explorer 
software version 3.5.3 (Applied Biosystems). The instrument was operated in positive ion mode 












Fragmentation (MS/MS) was performed in positive ion mode at 1kV with post source decay 
and without collision-induced dissociation (CID). Microchannel plates were used for ion 
detection. 4700 Proteomics Analyzer Mass Standard kit (Applied Biosystems) was prepared 
according to the manufacturers’ recommendation and used for external calibration before 
analysis (mass to charge ratio range from 800 to 4000 Da). MS/MS calibration was based on 
the precursor mass of 1570.677 Da of Glu-fibrinopeptide B. 
2.5. Data analysis 
Raw spectra were normalized (baseline correction and noise filter with correlation 
factor 0.7) in Data Explorer version 4.9 (Applied Biosystems). Identification of proteins was 
carried out with Mascot version 2.1.0 from Matrix Science (www.matrixscience.com) using 
‘peptide mass fingerprinting’ (PMF) for peptides (automatic selection of 50 peptide ions with 
the highest relative intensity) and ‘MS/MS ion search’ for peptide fragments. Two missed 
cleavages of trypsin were allowed and oxidation (Methionine and Tryptophan), as well as, 
propionamide (Cysteine) were selected as variable modifications. The National Center for 
Biotechnology Information (NCBI) database was searched for proteins in the taxonomy of 
prokaryotes mode with peptide and fragment mass tolerance of maximum 200 ppm and 0.5 Da, 
respectively. 
2.6. Identification criteria  
Enterotoxin identification using PMF was based on the Mascot generated score, the 
length and the number of matched peptides and the percentage of sequence coverage. The latter 
criterion was only applicable for strains with enterotoxin sequences available in protein 
databases. A positive match was obtained when at least 5 enterotoxin peptides (p≤0.05) with a 
minimum of 7 amino acid (aa) residues were identified as belonging to CytK or Nhe 
components. Additionally, all the enterotoxin peptides from a single sample should provide 
more than 30% coverage of the mature protein (or protein component) sequence. The mature 
protein size was determined after prediction of the cleavage site of the signal peptide with 
SignalP 4.0 for prokaryotes. For MS/MS ion search, a match was accepted when at least 3 
tryptic peptides from the same mass spectrum were assigned to an enterotoxin with high 
significance (p<0.05). 











2.7. Enterotoxin biomarkers for MALDI-TOF/MS 
Enterotoxin tryptic peptides identified as described in section 2.6 of this chapter were 
considered as biomarkers if the following requirements were fulfilled. Firstly, peptides 
demonstrating high relative intensity in the mass spectra should be preferred (abundance). As 
the Data Explorer software automatically selects the 50 highest peaks from the spectra, every 
peptide identified with PMF as belonging to enterotoxin can be taken into consideration. 
Secondly, these peptides should be detected in all mass spectra obtained from independent 
experiments using the same producer strain (reproducibility). B. cereus NVH 0500/00 and B. 
cereus NVH 0391/98 were tested in quadruplicate, while the other two strains in duplicate. 
Finally, the selected peptides should not be present in the sequence of other proteins produced 
by strains of the B. cereus group or other species (specificity). To evaluate the specificity, 
enterotoxin tryptic peptides were subjected to Blastp 2.2.26+ (NCBI) analysis using the default 
software parameters. Furthermore, the taxonomic specificity of the detected tryptic peptides 
was also evaluated with Unipept version 0.3.3 (unipept.ugent.be). This tool calculates the 
lowest common ancestor of the taxonomic nodes associated with the UniProtKB records in 
which a particular tryptic peptide is found. 
2.8. Comparison of MALDI-TOF/MS with the BDE VIA kit 
All four strains were evaluated with the BDE VIA kit (3M Tecra) as described by the 
manufacturer. The strain with the strongest response (B. cereus NVH 0075/95) was selected as 
a case study for NheA detection by BDE VIA kit and the MALDI-TOF/MS approach used in 
this chapter. Culture preparation and analysis were performed according to the corresponding 
protocols. This way, 20 times concentrated supernatant of a CGY-grown bacterial culture and 
non-concentrated supernatant of a culture grown in BHI was used in MALDI-TOF/MS and 
BDE VIA, respectively. These initial samples were designated as 100%, while dilutions down 
to 75%, 50%, 25%, 10% and 1% (in BHI for BDE VIA and sodium phosphate buffer/1 mM 
EDTA (pH 7.00) for MALDI-TOF/MS) were also analyzed. As no bands were visible on SDS-
PAGE at 1% dilution used for MALDI-TOF/MS analysis (results not shown), selection of 













3.1. Comparison of extracellular protein profiles of Bacillus cereus strains 
The extracellular SDS-PAGE profiles of B. cereus NVH 0391/98, B. cereus NVH 
0500/00 and B. cereus NVH 0075/95 are highly strain-dependent (Figure 5-1). This indicates a 
clear inter-strain variability with B. cereus NVH 0391/98 having the most complex (richest) 
pattern of abundant proteins among the tested monocultures. 
 
 
Figure 5-1. SDS-PAGE of crude extracellular protein concentrates of Bacillus cereus NVH 0391/98, 
B. cereus NVH 0075/95 and B. cereus NVH 0500/00 stained with Coomassie Brilliant Blue. Precision 
Plus Protein™ Dual Color Standards were used as molecular weight markers [M]. Rounded 
rectangles correspond to CytK1 (black solid), NheA (white dashed line) and NheB (black dotted line). 
3.2. Enterotoxin mass spectra from MALDI-TOF/MS 
Figure 5-2 presents mass spectra obtained from MALDI-TOF/MS analysis of tryptic 
peptides from CytK1 and NheA produced by B. cereus NVH 0391/98 and B. cereus NVH 
0500/00, respectively. The experimental protocol used in this chapter generated good quality 
spectra enabling easy identification of enterotoxins. Enterotoxin spectra from independent 
experiments were different in respect to the relative intensity of the peaks, but the MS spectra 
were quite reproducible in terms of the detection of abundant ions (e.g. 1089.5, 2015.9 Da for 
CytK1 and 929.5, 1262.6 Da for NheA). Although the ion with mass to charge ratio of 1597.8 
Da (AQNVIAPNTLSNSIR with calculated mass of 1596.8 Da) in the NheA spectrum (Figure 
5-2b) was frequently observed, it was not considered a tryptic peptide as there were no arginine 
or lysine residues at the N-terminus of this sequence. 












Figure 5-2. MALDI-TOF mass fingerprinting generated by in gel (1D electrophoresis) tryptic 
digestion of (a) CytK1 from Bacillus cereus NVH 0391/98 and (b) NheA from B. cereus NVH 0500/00. 
3.3. MALDI-TOF/MS data analysis 
An overview of the CytK and NheA tryptic peptides detected in the four B. cereus 
monocultures tested using MALDI-TOF/MS is given in Table 5-1 and Table 5-2, respectively. 
PMF analysis of enterotoxin samples produced at different occasions from the same strain under 
the same conditions and analyzed individually did not always result in identification of the same 
peptides, both in quantitative and qualitative terms. For B. cereus NVH 0391/98 for example, 
10 to 12 peptides in the range of 800 to 4000 Da from the different spectra were a match to 
CytK covering ca. 50 to 62% of the mature protein (305 aa), while in total 15 non-identical 
peptides were assigned as CytK (Table 5-1). All of them were specific for CytK1, except for 
SFVLDWK (893.5 Da), TNLIDQTNK (1045.5 Da) and VTFIDDPSADK (1206.6 Da). The 
latter two were identified in several sequences of CytK2, a more common variant of CytK than 












1963.9, 2014.9 and 2310.2 Da were common and abundantly present in the CytK spectra. These 
peptides, except that of 893.5 Da with no specificity towards CytK, were confirmed by MS/MS 
ion search to belong to this toxin (Table 5-1). Similarly, more than 13 peptides of minimum 7 
aa residues were identified as NheA using B. cereus NVH 0500/00 as the producer strain (Table 
5-2). The Nhe sequence of this strain is not available in NCBI and therefore the coverage 
criterion was not applied. Peptides with masses of 907.4, 928.5, 1192.5, 1261.6 and 1328.7 Da 
appeared consistently and at high abundance in NheA spectra of B. cereus NVH 0500/00 
(1328.7 Da was not abundant).  
NheA secretion by three other B. cereus strains was verified through MALDI-TOF/MS 
using PMF and/or MS/MS ion search (Table 5-2). The peptide profile of NheA from B. cereus 
NVH 0500/00 was similar to that from B. cereus NVH 0075/95, considering also peptides that 
could not be detected, but are present in the sequence (marked with ‘T’ in Table 5-2). NheA 
from B. cereus NVH 1230/88 displayed a slightly higher variability: three peptides from this 
strain at position 53-75, 114-124 and 140-148 were absent from the sequence of B. cereus NVH 
0075/95, while five others found in B. cereus NVH 0075/95 were not detected in B. cereus 
NVH 1230/88. The most diverse NheA sequence was that of B. cereus NVH 0391/98. Based 
on the enterotoxin sequences shown in Figure 5-3, NheA from B. cereus NVH 0075/95 was 
almost identical to that from B. cereus NVH 1230/88 (97% identity), while it demonstrated 
only 79% identity with B. cereus NVH 0391/98. B. cereus NVH 0075/95 was used as the control 
strain for these comparisons, because the Nhe protein of B. cereus NVH 0500/00 has not been 







Table 5-1. Summary of identified tryptic peptides (p≤0.05) from MALDI-TOF/MS mass spectra of CytK1 produced by Bacillus cereus NVH 0391/98. [a] 
Calculated peptide masses based on the peptide sequences. The masses of the modified peptides are in parenthesis; [b] Detected tryptic peptide. Methionine 
(M) and Tryptophan (W) modifications detected by MALDI-TOF/MS are shown in parenthesis; [c] The position of the detected peptide in the protein 
sequence; [d] Trypsin missed cleavages; [e] A tryptic peptide is specific if it is unique for CytK, i.e. if it is not found in other proteins produced by strains 
within or out of the B. cereus group; [*] CytK1 tryptic peptides that is also found in CytK2; [**] Fragmented peptides (MS/MS mode) that were confirmed 
to belong to CytK1 by ‘MS/MS ion search’. 
Peptide mass (Calc)a Peptide sequenceb Positionc TMCd Specificitye 
893,4647 SFVLDWK 322 – 328 0 No 
1045,5404 TNLIDQTNK 192 – 200 0 No* 
1088,4887** TYPHETDAR 238 – 246 0 Yes 
1206,5768 VTFIDDPSADK 68 – 78 0 No* 
1383,7187 TFNKSFVLDWK 318 – 328 1 Yes 
1408,7384 (1424,7333) QIAVINTTGSFMK (+ M oxidation) 79 – 91 0 Yes 
1409,7627 TNLIDQTNKHVK 192 – 203 1 Yes 
1468,7045 DTEQSSIQVAYTK 276 – 288 0 Yes 
1963,8887** (1979,8836) DSYHALYGNQLFMYSR (+ M oxidation) 222 – 237 0 Yes 
2014,9054** (2030,9003) YPSQYDIAMNLQDNTSR (+ M oxidation) 115 – 131 0 Yes 
2310,1856** ANPTLSDAPVDGYPIPGASVTLR 92 – 114 0 Yes 
2446,0529 THTSYNTFNNEQADNMTMSLK 47 – 67 0 Yes 
2597,3047 VTFIDDPSADKQIAVINTTGSFMK 68 – 91 1 Yes 
2641,2144 ASVTPSGPSGESGATGQVTWSDSVSYK 160 – 186 0 Yes 














Figure 5-3. Multiple alignment of NheA amino acid sequences from Bacillus cereus NVH 0075/95 
(GenBank: AAZ82471), B. cereus NVH 1230/88 (GenBank: CAB53338) and B. cereus NVH 0391/98 
(GenBank: ABI52601) using Constraint-based Multiple Alignment Tool (COBALT) of the National 
Center for Biotechnology Information (NCBI). The underlined amino acids differ from those of 
AAZ82471. The sequences in green color represent the signal peptides. 
Only five NheA sequences from Table 5-2 were common among the four tested strains, 
i.e. EWIDEYNPK, QKELLPLIQK, LIDLNQEMMR, ELLPLIQK and ANVREWIDEYNPK. 
The latter two peptides -associated with QKELLPLIQK and EWIDEYNPK, respectively- were 
not always detected by MALDI-TOF/MS, which is due to variation in the tryptic cleavage 
performance. Moreover, the peptide ELLPLIQK appears in non-related proteins from other 
organisms. EWIDEYNPK is abundant in extracts from all the strains tested in this chapter and 
it is unique to NheA found in species of the B. cereus group. Other intense peaks corresponding 
to masses lower than 1000 Da, such as 907.4 and 928.5 Da, were usually not specific.  
In addition to NheA, NheB was detected in supernatants of B. cereus NVH 0075/95 at 
ca. 36 kDa and 250 kDa (results not shown). Gel bands above 50 kDa were exceptionally 
excised from 1D gels of crude extracellular protein of this strain to assess the presence of 
enterotoxin oligomers. Nhe B was not found in the other strains from which only proteins 
smaller than 50 kDa were studied. Furthermore, production of the last protein of the complex, 
namely NheC, could not be detected by MALDI-TOF/MS.
AAZ82471  1    MKKTLITGLLVTAVSTSCFIPVSAYAKEGQTEVKTVYAQNVIAPNTLSNSIRMLGSQSPLIQAYGLVILQQPDIKVNAMS  80 1 
CAB53338  1    MKKTLITGLLVTAVSTSCFIPVSAYAKEGQTEVKTVYAQNVIAPNTLSNSIRMLGSQSPLIQAYGLIILQQPDIKVNAMS  80 2 
ABI52601  1    MKKTLIAGLLATAASTSWFTDVNAYYEGEQSGLQPMYAQNVMTPNTFSNSIRMLGAQSPLIQAYGLIILQQPDIKVSAMS  80 3 
                   4 
AAZ82471  81   SLTNHQKFAKANVREWIDEYNPKLIDLNQEMMRYSIRFNSYYSKLYELAGNINEDEQSKADFTNAYGKLQLQVQSIQENM  160 5 
CAB53338  81   SLTNHQKFAKANVREWIDEYNPKLIDLNQEMMRYSTRFNSYYSKLYELAGNVNEDQQAKADLMSAYGKLQLQVQSIQESM  160 6 
ABI52601  81   SLTNHQKFAKANVREWIDEYNPKLIDLNQEMMRYSIRFNSYYNKLYGLAEKINEDEQAAVDFTNAYGKLQGQVQMIQDNM  160 7 
 8 
AAZ82471  161  EQDLLELNRFKTVLDKDSNNLSIKADEAIKTLQGSSGDIVKLREDIKRIQGEIQAELTTILNRPQEIIKGSINIGKQVFT  240 9 
CAB53338  161  EQDLLELNRFKTVLDKDSNNLSIKADEAIKTLQGSSGDIVKLREDIKRIQGEIQAELTTILNRPQEIIKGSINIGKQVFT  240 10 
ABI52601  161  EQTLFELNRFKALLTKDSQSLSQKADEAIQSLQGANGDIVKIRAEIKRIQEEIQTDLSDILNRPQEIVKGSIHIGKKVFT  240 11 
 12 
AAZ82471  241  ITNQTAQTKTIDFVSIGTLSNEIVNAADSQTREAALRIQQKQKELLPLIQKLSQTEAEATQITFVEDQVSSFTELIDRQI  320 13 
CAB53338  241  ITNQTAQTKTIDFVSIGTLSNEIVNAADSQTREAALRIQQKQKELLPLIQKLSQTEAEATQITFVEDQVNSFTELIDRQI  320 14 
ABI52601  241  ITNQTAQTKTIDFVSIDSLSDEIVNAADSQTREIALRIQQKQKELLPLIQKLAKTEAEVTEITFVEDQVSSFTELVDRQI  320 15 
 16 
AAZ82471  321  TTLETLLTDWKVLNNNMIQIQKNVEEGTYTDSSLLQKHFNQIKKVSDEMNKQTNQFEDYVTNVEVH-  386 17 
CAB53338  321  TTLETLLTDWKVLNNNMIQIQKNVEEGTYTDSSLLQKHFNQIKKVSDEMNKQTNQFEDYVTNVEVH-  386 18 







Table 5-2. Summary of identified tryptic peptides (p≤0.05) from MALDI-TOF/MS mass spectra of NheA produced by different food poisoning strains of the 
Bacillus cereus group. [a] Calculated peptide masses based on the peptide sequences. The masses of the modified peptides are shown in parenthesis; [b] 
Detectic tryptic peptides. Modified amino acids of the detected sequences are shown in parenthesis; [c] The position of the detected peptide in the protein 
sequence; [d] Trypsin missed cleavages; [e] A tryptic peptide is specific if it is unique for NheA, i.e. if it is not found in other proteins produced by strains 
within or out of the B. cereus group; [Yes] Sequence specific for NheA from the B. cereus group; [No] Sequence not specific for NheA; [Yes/No] Sequence 
specific for NheA, but also found in ZP_04156629 and ZP_0415887 designated as haemolytic enterotoxins with approximately 75% identity with NheA; [T] 
Peptide sequence theoretically present in NheA based on the sequences presented in Figure 5-3; [-] Peptide sequence theoretically absent from NheA based 
on sequences presented in Figure 5-3; [(+)] Detected in MS mode; [+] Detected in MS/MS mode; [?] Presence in the sequence is not known due to the lack 
of information in protein databases; [A] Unmodified peptide; [B] One modification in the peptide sequence; [C] Two modifications in the peptide sequence; 
[*] The peptide ADFMSAYGK detected in B. cereus NVH 1230/88 differs from that in the published sequence (ADLMSAYGK, Figure 5-3); [**] Non-
tryptic peptides. 
Peptide mass (Calc)a Peptide sequenceb Positionc TMCd 
Speci-
ficitye 
NheA peptides from B. cereus NVH 
0075/95 0500/00 1230/88 0391/98 
907,4076 FNSYYSK 118 – 124 0 No (+) + T - 
913,5134 HFNQIKK 358 – 364 1 Yes (+) (+) T - 
913,5134 HFNQLKK 358 – 364 1 Yes - - - (+) 
928,5454 LREDIKR 202 – 208 2 No (+) (+) T - 
934,4185 FNSYYNK 118 – 124 0 No - - - (+) 
952,5957 ELLPLIQK 284 – 291 0 No (+) (+) T T 




140 – 148 0 Yes - - (+)B - 







Peptide mass (Calc)a Peptide sequenceb Positionc TMCd 
Speci-
ficitye 
NheA peptides from B. cereus NVH 





95 – 103 0 Yes (+)A +A,B +A,B +A 
1199,6696 VLNQNMIQIK 332 – 341 0 Yes - - - (+) 





104 – 113 0 Yes (+)A,B,C + A,B,C (+)B,C +A,B 










76 – 87 0 Yes +A,B (+)A,B (+)B - 
1350,7143 VFTITNQTAQTK 238 – 249 0 Yes/No - ? - (+) 
1426,6881 YSIRFNSYYSK 114 – 124 1 Yes T (+) - - 
1445,7726 TVLDKDSNNLSIK 172 – 184 1 Yes (+) (+) (+) - 
1478,7729 QVFTITNQTAQTK 237 – 249 0 Yes/No (+) ? + - 
1516,7733 DSNNLSIKADEAIK 177 – 190 1 Yes T (+) T - 
1560,8399 QITTLETLLTDWK 319 – 331 0 Yes (+) ? T - 







Peptide mass (Calc)a Peptide sequenceb Positionc TMCd 
Speci-
ficitye 
NheA peptides from B. cereus NVH 





91 – 103 1 Yes T (+)A,B (+)A,B (+)A 
1682,7999 NVEEGTYTDSSLLQK 343 – 357 0 Yes (+) (+) (+) - 
1690,8162 LYELAGNVNEDQQAK 125 – 139 0 Yes - ? + - 
1710,8424 TNIDSGTYTNGSLLQK 342 – 357 0 Yes - - - (+) 
1716,8617 HFNQIKKVSDEMNK 358 – 371 2 Yes T ? (+) - 
1720,9359 FKTVLDKDSNNLSIK 170 – 184 2 Yes T (+) T - 





104 – 117 1 Yes - - (+)C - 
1821,817 QTNQFEDYVTNVEVH** 372 – 386 0 Yes (+) ? (+) - 
1883,8537 INEDEQAAVDFTNAYGK 132 – 148 0 Yes - - - + 
1895,8537 QTSQFEDYITNVEVHS** 372 – 387 0 Yes - ? - (+) 
1960,0378 TVYAQNVIAPNTLSNSIR 35 – 52 0 Yes + + + - 
2073,0953 TVLDKDSNNLSIKADEAIK 172 – 190 2 Yes T (+) T - 
2406,3482 IQGEIQAELTTILNRPQEIIK 209 – 229 0 Yes + + T - 
2450,2077 NVEEGTYTDSSLLQKHFNQIK 343 – 363 1 Yes (+) (+) T - 







Peptide mass (Calc)a Peptide sequenceb Positionc TMCd 
Speci-
ficitye 
NheA peptides from B. cereus NVH 
0075/95 0500/00 1230/88 0391/98 
2480,3122 IQEEIQTDLSDILNRPQEIVK 209 – 229 0 Yes - - - (+) 










149 – 169 0 Yes (+)A,B (+)A,B - - 
2578,3027 NVEEGTYTDSSLLQKHFNQIKK 343 – 364 2 Yes T (+) T - 
3056,4826 LSQTEAEATQITFVEDQVSSFTELIDR 292 – 318 0 Yes + (+) - - 












3.4. Comparison of MALDI-TOF/MS with BDE VIA kit 
The NheA component of B. cereus NVH 0075/95, the strain with the strongest reaction 
in the BDE VIA kit among the strains of this chapter (results not shown), was used to evaluate 
the performance of MALDI-TOF/MS against BDE VIA (Table 5-3). Our results show that 
detection of NheA was possible with both methods down to 1% dilution of the original sample 
(prepared according to each method). 
 
Table 5-3. Detection of NheA produced by Bacillus cereus NVH 0075/95 in different sample dilutions 
by using MALDI-TOF/MS and BDE VIA kit. [*] 100% corresponds to undiluted sample prepared 
according to the recommendations of each method; [**] No SDS-PAGE bands were visible at 1% 
dilution; [+] Detection of NheA component; [ND] Not determined. 
Method 
Dilution 
100%* 75% 50% 25% 10% 1%** 
MALDI-TOF/MS + + ND ND + + 
BDE VIA + + + + + + 
4. Discussion 
In this chapter, the use of MALDI-TOF/MS starting from SDS-PAGE gels resulted in 
successful detection of tryptic peptides from CytK1 and Nhe secreted by different food 
poisoning B. cereus strains (Lund & Granum 1996, Lund et al., 2000, Guinebretière et al., 
2002). Thus far, detection of CytK is possible only by non-commercial antibodies (Fagerlund 
et al., 2007) and the serological kits developed for Nhe are not free of limitations. On the other 
hand, MS has been extensively employed for the study of foodborne bacterial toxins, including 
the staphylococcal enterotoxins (Nedelkov & Nelson 2003, Hennekinne et al., 2009), the 
botulinum neurotoxins (Barr et al., 2005), as well as the B. cereus emetic toxin (Jaaskelainen 
et al., 2003a, Biesta-Peters et al., 2010). Recent 2D-electrophoresis based studies on B. cereus 
ATCC 14579 secretome indicated that MALDI-TOF/MS may be a promising tool for the study 
of enterotoxins (Gohar et al., 2002, Gilois et al., 2007). 
With MALDI-TOF/MS, we confirmed the presence of CytK1 in B. cereus NVH 
0391/98 supernatant (Table 5-1), while the other strains do not encode for CytK1. In fact, the 
cytK1 toxin gene has originally only been found in a small (3 strains), genetically distinct cluster 












which has only recently been reclassified as Bacillus cytotoxicus sp. nov. (Guinebretière et al., 
2013). Nevertheless, CytK1 may pose a severe hazard for the health of consumers because it is 
highly toxic towards human intestinal Caco-2 cells (Hardy et al., 2001, Fagerlund et al., 2004)  
and it is produced by thermo-tolerant strains (Auger et al., 2008) that may grow well at body 
temperature. CytK1 production from the same strain has only been confirmed once before using 
western immunoblots probed with antiserum against CytK (Fagerlund et al., 2007). 
MALDI-TOF/MS was also effective in detecting NheA in all the tested strains. In 
contrast to cytK1 genes, nhe genes are the most prevalent enterotoxin genes among the B. cereus 
group (Rivera et al., 2000, Ehling-Schulz et al., 2006b, Zhou et al., 2008, Guinebretière et al., 
2010)  and occur in ca. 100% of B. cereus strains (Guinebretière et al., 2002, Ehling-Schulz et 
al., 2005a, Moravek et al., 2006, Ngamwongsatit et al., 2008b, Wehrle et al., 2009). Even 
though all the genes of the Nhe complex are co-transcribed (Granum et al., 1999), we were able 
to identify NheB only in the supernatants of B. cereus NVH 0075/95 at approximately 36 kDa 
and 250 kDa (data not shown). The mass of NheB based on the sequence with GenBank 
accession number AAZ82472 (without the first 31 aa that correspond to the signal peptide) is 
39.8 kDa, thus the experimental value was lower than expected. A similar lower mass product 
was found by Dietrich et al., (2005) after purification of NheB from the same strain using 
immunoaffinity chromatography. It represented a truncated form of NheB produced after 
degradation of the N-terminal end by proteases of the supernatant. On the other hand, the large 
band is either an enterotoxin oligomer (for example a hexamer or heptamer) or an NheB 
complex with another protein (Gohar et al., 2002). As only SDS-PAGE bands in the range of 
enterotoxin monomers (between 25 and 50 kDa) were usually selected, NheB may have escaped 
detection in the other strains. Finally, NheC was also not found, possibly due to the low amounts 
secreted in culture supernatants (Dietrich et al., 2005), which is caused by a 13 bp inverted 
repeat upstream the nheC gene that mediates translational repression (Lindbäck et al., 2004). 
Comparison of tryptic peptides identified from PMF and MS/MS in different strains 
(Table 5-2) demonstrated that NheA from B. cereus NVH 0391/98 varies significantly from 
that of the other tested strains. This observation supports the recent reclassification of this strain 
to the new species B. cytotoxicus (Guinebretière et al., 2013). This is also the first time that 
production of NheA from B. cereus NVH 0391/98 has been confirmed, as detection by the 
commercial BDE VIA kit is not possible (Guinebretière et al., 2002, Ehling-Schulz et al., 
2005a). It was not until recently that Fagerlund et al., (2007) discovered that it does not only 
carry the nhe genes but also expresses the NheB component. These authors showed that this B. 
cereus strain (previously known to produce exclusively CytK1) has a rare polymorphism in the 











nhe gene sequence with only 70-80% DNA sequence identity to the operon of other 
characterized B. cereus strains, supporting the variability found in this chapter. The NheA 
sequence of B. cereus NVH 0500/00 is not available in protein databases (the sequence 
coverage was therefore not used as an identification criterion), but our results suggest that it is 
very similar to that of B. cereus NVH 0075/95, but differs more from the enterotoxins of the 
other two strains, especially from that of B. cereus NVH 0391/98. It is thus obvious that 
application of MS is not restricted by variations in the protein sequence. 
Despite these differences, QKELLPLIQK, EWIDEYNPK and LIDLNQEMMR were 
identified in NheA of all the tested strains (Table 5-2) and can be used as biomarkers for MS 
detection. The former, however, is the result of incomplete tryptic cleavage and attention should 
be taken not to use the full cleavage product (ELLPLIQK) as a marker since this is not unique 
for NheA. Although these peptides seem to be omnipresent in the species of the B. cereus group, 
selection of biomarkers is difficult due to the sequence variability and the modification potential 
of some peptides. For example, the abundant EWIDEYNPK was present in more than a 100 
NheA entries of NCBI from different species of the B. cereus group, but it can undergo 
oxidation increasing the mass by 16 Da. The case was similar for LIDLNQEMMR. Therefore, 
we propose that identification of NheA in unknown samples should be based on the 
simultaneous detection of other specific peptides shown in Table 5-2. 
Also for CytK1, specific peptides with relatively high concentrations in the sample, such 
as those with mass to charge ratio of 1088.5, 1963.9, 2014.9 and 2310.2 Da (Table 5-1), may 
be successful biomarker candidates. More specifically, TYPHETDAR (1088.5 Da) and 
ANPTLSDAPVDGYPIPGASVTLR (2310.2 Da) are not susceptible to methionine or 
tryptophan oxidation and could be preferred for mass spectrometric CytK1 detection. These 
enterotoxin biomarkers obtained from the study of B. cereus NVH 0391/98 may be also 
pertinent to detection of CytK1 from B. cereus INRA AF2, the only other known CytK1 
producer. Even though the latter sequence is not published, multilocus sequence typing (MLST 
based on the nucleotide sequences of seven housekeeping genes shows that these two strains 
were 100% identical (Fagerlund et al., 2007). It should be noted that peptides with sequences 
TNLIDQTNK and VTFIDDPSADK (Table 5-1) were not unique for CytK1, but were also 
present in several sequences of CytK2 (including that of Paenibacillus cookie 
(emb|CAX30495.1|) when TNLIDQTNK is concerned), a less toxic variant of CytK (Fagerlund 













Comparison between MALDI-TOF/MS and BDE VIA protocols showed that detection 
of NheA from B. cereus NVH 0075/95 was possible with both methods down to 1% dilution 
(Table 5-3), but no bands were visible on SDS-PAGE at this dilution (results not shown). This 
suggests that the detection limit of SDS-PAGE (~0.004 μg/μL with Coomassie Brilliant Blue) 
may be the restrictive factor to the use of MS, because only visible bands were generally excised 
for our analysis. Silver staining and fluorescent labeling can improve the sensitivity of SDS-
PAGE, but are less compatible with MS. On the other hand, the use of blank areas of stained 
gels is not unusual in proteomics given the high sensitivity of MS, particularly for proteins with 
known expected size. As enterotoxin expression is a subject of extensive inter-strain variability 
(Moravek et al., 2006), further up-concentration of culture supernatants may result in visible 
bands on SDS-PAGE, although the minimum enterotoxin concentration needed to cause the 
diarrheal disease still remains unclear. Evidently, BDE VIA is somewhat more sensitive since 
the dilutions correspond to culture supernatants, while our protocol is based on protein 
concentrates. Assuming that both media support enterotoxin production equally well, the 
absolute amount of NheA at 1% dilutions applied for MALDI-TOF/MS detection is present at 
the 20% dilution for BDE VIA. In spite of the lower detection limit (>1 ng/mL) and the ease of 
use of BDE VIA, the employed polyclonal antibodies recognize a broad range of exoproteins 
(Lund & Granum 1996) ranging from 40 to 114 kDa (Beecher & Wong 1994b) and are thus not 
specific. Another serological technique, the Duopath® cereus Enterotoxins (Merck) assay 
targets NheB (detection limit of 6 ng/mL) using monoclonal antibodies (Krause et al., 2010), 
but it has not been broadly used for research purposes. Toxin detection by means of 
immunological tools may be affected by divergence in nhe gene sequence at the epitope site, 
which may reduce or completely inhibit the reactivity between the antibody and the antigen 
(Fagerlund et al., 2007). 
Effective detection of bacterial toxins is crucial for epidemiological surveillance and 
successful microbial food safety risk assessment. It is thus evident that formulation of control 
measures for hazards associated with B. cereus requires specific and reliable tools for the 
detection and identification of enterotoxins. We showed that MALDI-TOF/MS can specifically 
detect CytK and Nhe and its application is not restricted by the enterotoxin heterogeneity among 
different strains of the B. cereus group. Toxin identification can be easily performed by PMF, 
if the toxin variant is present in the protein databases or if it shows extensive identity with 
known enterotoxins. When the PMF application is hindered (e.g. new enterotoxin variants, 
protein mixtures or MS spectra with lower quality), tandem MS approaches can be valuable, 
because small tryptic peptides are matched instead of whole protein profiles, increasing the 











chances for identification. Because MS detection is based on identification of multiple tryptic 
peptides (PMF) and sequence information (MS/MS), it increases the specificity of and the 
confidence in enterotoxin detection compared to techniques using primers and antibodies. 
Therefore, MALDI-TOF/MS is a powerful tool for the screening and selection of B. cereus 
strains that potentially produce enterotoxin using the proposed biomarkers for CytK and Nhe. 
Nevertheless, it is important to keep in mind that enterotoxin production titers are strain-
dependent, thus detection of enterotoxins is not sufficient for risk assessment. Nevertheless, 
MALDI-TOF/MS can be used as the first step towards the application of MS-based tools for 
the quantification of enterotoxins (or their tryptic peptides). Quantification based on multiple 
reaction monitoring (MRM) could be used to study the regulation of enterotoxin secretion or 
relate cytotoxicity with enterotoxin concentration in order to determine which of the 
















RELATIVE QUANTIFICATION OF BACILLUS CEREUS 





 Chapter 6 
RELATIVE QUANTIFICATION OF BACILLUS CEREUS 
ENTEROTOXIN PEPTIDES USING MRM 
Abstract 
The primary virulence factors of Bacillus cereus-associated diarrhea include the non-
haemolytic enterotoxin (Nhe) and cytotoxin K (CytK). Nhe is a tripartite haemolysin formed 
by the NheA, NheB and NheC protein components, while CytK is a single protein with two 
known variants, namely CytK1 and CytK2. In this chapter, multiple reaction monitoring 
(MRM) was used for detection and relative quantification of CytK and Nhe peptides from food 
poisoning strains of the B. cereus group to circumvent the current lack of specific and 
quantitative methods for enterotoxin analysis. Quantification was performed using in total 
seven stable isotope-labeled peptides selected after screening of in silico enterotoxin digests. B. 
cereus NVH 0500/00 and B. cereus NVH 0075/95 did not produce CytK, while B. cereus NVH 
1230/88 and B. cytotoxicus NVH 0391/98 produced CytK2 (252 fmol TNLIDQTNK) and 
CytK1 (1141 fmol TNLIDQTNK), respectively. At least one peptide from each Nhe component 
was detected in all strains, except B. cytotoxicus NVH 0391/98. For these strains, the 
NheA:NheB peptide ratio is fairly constant i.e. 3-4:1. Production of NheA and NheB-associated 
peptides was overall higher in B. cereus NVH 0500/00 and B. cereus NVH 0075/95 compared 
to B. cereus NVH 1230/88; however, the LIQNQQETDLSK peptide representing NheC was 
detected in these strains in similar amounts (161 to 189 fmol). The proposed methodology 
performs well compared to the immunological assay Duopath. Additionally, it discriminates 
among CytK variants and Nhe components without false-positive or -negative results, which 
demonstrates the selectivity and specificity of this MRM-based method. Overall, this method 
can be used for microbial food safety risk assessment of B. cereus enterotoxins.  
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The Bacillus cereus group consists of eight recognized bacterial species, including B. 
cereus, B. anthracis, B. thuringiensis, B. cytotoxicus, B. toyonensis, B. weihenstephanensis, B. 
mycoides and B. pseudomycoides (Jensen et al., 2003, Guinebretière et al., 2010, Guinebretière 
et al., 2013, Jimenez et al., 2013). B. cereus is a species commonly associated with food 
poisoning that can cause two distinct types of gastrointestinal diseases, i.e. emesis and diarrhea 
(Stenfors Arnesen et al., 2008, Pexara & Govaris 2010, Ceuppens et al., 2011). Diarrhea is 
presumably caused by colloid osmotic lysis of the epithelium due to de novo production of 
enterotoxins in the small intestine (Kotiranta et al., 2000, Schoeni & Wong 2005, Senesi & 
Ghelardi 2010).  
The presumptive virulence factors of B. cereus-associated diarrhea include the non-
haemolytic enterotoxin (Nhe), haemolysin BL (Hbl) and cytotoxin K (CytK) (Fagerlund et al., 
2010, Senesi & Ghelardi 2010). CytK has two known variants with ca. 89% amino acid 
sequence identity (Fagerlund et al., 2004, Guinebretière et al., 2006). CytK1 is encoded by a 
small group of strains (n=5) forming the novel species B. cytotoxicus (Guinebretière et al., 
2013), which was previously designated as B. cereus. In contrast, CytK2 is more widely 
distributed among strains of B. cereus (Guinebretière et al., 2006, Chaabouni et al., 2015), but 
it is approximately five times less toxic towards Vero and Caco-2 cell lines than CytK1 
(Fagerlund et al., 2004).  
Hbl and Nhe are both tripartite haemolysins consisting of the L2, L1, B and the NheA, 
NheB, NheC protein components, respectively (Beecher & Wong 1997, Ryan et al., 1997, 
Lindbäck et al., 2004, Fagerlund et al., 2008). The corresponding genes of each toxin (hblC, 
hblD, hblA and nheA, nheB, nheC) are organized in one operon (Granum et al., 1999, Lindbäck 
et al., 2004). Moravek et al., (2006) suggested that Nhe has a dominant role in food poisoning, 
because the concentration of NheB correlated well with the toxicity of B. cereus supernatants 
on Vero cells. Such a relationship was not observed for Hbl, therefore this toxin has not been 
incorporated in this chapter. Because almost all B. cereus strains harbor the genes of Nhe 
(Ngamwongsatit et al., 2008b, Wehrle et al., 2009), their ability to produce the enterotoxin, as 
well as the level of expression are important parameters in determining the toxicogenic 
potential. 
Food safety risk assessment of B. cereus enterotoxins is still in its infancy, because of 
the lack of specific detection methods and quantitative tools. Two commercial serological kits 
targeting Nhe are currently used for research purposes: the Duopath® cereus Enterotoxins 












assay (Duopath; Merck) and the Bacillus Diarrheal Enterotoxin Visual ImmunoAssay™ (BDE 
VIA; Tecra) (Ceuppens et al., 2012a). Duopath uses monoclonal antibodies to recognize NheB 
(Krause et al., 2010), while BDE VIA employs polyvalent antisera that bind to NheA and NheB 
(Krause et al., 2010, Ceuppens et al., 2012a). The high specificity of the monoclonal antibodies 
may result in false-negatives, because heterogeneous Nhe sequences may not be detected 
(Fagerlund et al., 2007, Krause et al., 2010). On the other hand, the use of polyclonal antibodies 
can lead to unspecific reactions (false-positives) (Beecher & Wong 1994b, Wehrle et al., 2009). 
Additionally, these kits are often used to screen for the presence or absence of the enterotoxin 
rather than for quantitative information. Commercial assays for the identification of the CytK 
variants are not available, although production of these toxins may contribute to (or be the cause 
of) the virulence of B. cereus. 
Mass spectrometry (MS) is a promising alternative to the immunological assays for food 
safety and quality control. Due to the high specificity and the potential for quantification, MS 
has been extensively used to study foodborne bacterial toxins (Delbrassinne et al., 2011, Parks 
et al., 2011, Silva et al., 2014, Andjelkovic et al., 2016). The extracellular proteome of B. cereus 
ATCC 14579T has been investigated using MS-based methodologies, including matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) (Gohar et al., 2002, Gilois et al., 
2007) and liquid chromatography (LC)-Triple TOF (Vörös et al., 2014). Although the 
enterotoxins were not explicitly targeted, these studies offered the first promising results of 
detection of Nhe, CytK2 and Hbl by means of MS. An overview of MS-based methodologies 
that demonstrated enterotoxin detection is given in Table 1-8. In chapter 5, we employed 
MALDI-TOF/MS to specifically identify CytK1 and Nhe components produced by food 
poisoning strains of the B. cereus group. In contrast to the immunological assays, the specificity 
of MALDI-TOF was not hampered by toxin heterogeneity. Despite the demonstrated strengths 
of MS, it has not yet been used for quantification of enterotoxins. 
In this chapter, we combine trichloroacetic acid precipitation and in-solution protein 
digestion with multiple reaction monitoring (MRM) for the detection and quantification of Nhe 
and CytK peptides. Quantification of enterotoxin peptides of food poisoning strains of the B. 
cereus group was performed using stable isotope-labeled peptides (heavy peptides) as internal 
standards. The design of heavy peptides was based on selected proteotypic sequences obtained 













2. Materials and methods 
2.1. Reagents 
Brain Heart Infusion (BHI) agar and peptone (bacteriological neutralized) were 
purchased from Oxoid. Phenylmethylsulfonyl fluoride (PMSF), trichloroacetic acid (TCA), 
acetone, urea, ammonium bicarbonate (AMBIC), dithiothreitol (DTT) and iodoacetic acid 
(IAA) were obtained from Sigma-Aldrich. Ethylenediaminetetraacetic acid (EDTA) was 
purchased from Merck and NaCl from VWR. Sequencing grade modified trypsin (Promega) 
was prepared according to the manufacturer’s recommendations. ULC/MS grade solvents 
(Biosolve) were used as mobile phase: 0.1% HCOOH in water (Solvent A) and 0.1% HCOOH 
in acetonitrile (ACN) (Solvent B). PMSF was reconstituted in anhydrous isopropanol (Sigma-
Aldrich). Physiological peptone solution (PPS) consisted of 1 g/L peptone bacteriological 
neutralized and 8.5 g/L NaCl. AMBIC and TCA were prepared in Milli-Q water (Millipore), 
while DTT and IAA in 50 mM AMBIC. All other solutions were made in distilled water unless 
otherwise stated. Stable isotope labeled-peptides were synthesized by ThermoFisher Scientific 
with HeavyPeptide™ AQUA Basic specifications.  
2.2. Bacterial strains 
The food poisoning strains B. cereus NVH 0500/00, B. cereus NVH 1230/88, B. cereus 
NVH 0075/95 and B. cytotoxicus NVH 0391/98T were used for enterotoxin production. The 
strains were kindly donated by Prof. M-H. Guinebretière (National Institute for Agricultural 
Research (INRA), France) and Prof. P.E. Granum (Norwegian School of Veterinary Science 
(NVH), Norway). 
2.3. Culture preparation 
A loopful from a -80 °C stock culture was transferred to 10 mL Casamino 
acids/Glucose/Yeast extract (CGY) broth (Beecher & Wong 1994b). Incubation was performed 
overnight on a rotary shaker (200 rpm) at 32 °C (atmospheric headspace). The overnight culture 
was fifty-fold diluted in fresh broth and incubated for 7 to 7.5 h as described above. 
Subsequently, the culture was centrifuged at 8000 x g for 20 min at 4 °C to remove bacteria 
and non-soluble compounds. The proteolytic activity was then inhibited using 1.3 mM EDTA 
(pH 8.5) and 1.3 mM PMSF. Aliquots of the culture supernatant were stored at -20 °C until use. 












Before the addition of protease inhibitors, the presence or absence of enterotoxin was 
determined using Duopath® cereus Enterotoxins kit (Merck) according to the manufacturer’s 
instructions. All strains were tested positive to Nhe, except B. cytotoxicus NVH 0391/98. Two 
biological replicates were prepared per strain.  
2.4. Protein precipitation 
Samples were defrosted and centrifuged at 16000 x g for 10 min at 4 °C. The crude 
protein of 1.5 mL culture supernatant was precipitated overnight at 4 °C with 20% (w/v) TCA 
(final concentration). After centrifugation at 16000 x g for 15 min at 4 °C, the pellet was re-
suspended in 250 µL ice-cold Milli-Q water (Millipore). Subsequently, 1 mL 100% ice cold 
acetone was added and the solution was incubated on ice for 15 min and then centrifuged at 
16000 x g for 15 min at 4 °C. The acetone precipitation step was repeated. Finally, the protein 
pellet was air-dried and re-suspended in 50 µL 2 M urea/50 mM AMBIC.  
2.5. Reduction, alkylation and in-solution digestion  
The protein concentrate was reduced with 10 mM DTT (final concentration) for 30 min 
at 60 °C. Alkylation of cysteine residues was performed with 20 mM IAA (final concentration) 
for 30 min in the dark at room temperature. Proteins were digested overnight at 37 °C using 0.5 
µg sequencing grade modified trypsin. The digest was dried in a Savant™ SpeedVac™ SC110 
(ThermoFisher Scientific) at medium speed. Before injection, the pellet was dissolved in 50 µL 
of 50 fmol/µL heavy peptide mixture (Table 6-1) prepared in solvent A (1 pmol/µL for 
ANPTLSDAPVDGYPIPGASVTLR*). Heavy peptides were used as internal standard to 







Table 6-1. Targeted proteotypic peptides of CytK and Nhe and MRM transitions and parameters. [MRM] Multiple reaction monitoring; [Q1] Precursor or 
peptide ion mass to charge ratio; [Q3] Fragment ion mass to charge ratio; [DT] Dwell time; [DP] Declustering potential; [CE] Collision energy; CE and 



































523.78 +2 831.46 +1 y7 75 69.3 31.2 
523.78 +2 718.37 +1 y6 75 69.3 31.2 
523.78 +2 605.29 +1 y5 75 69.3 31.2 
TNLIDQTNK* 
527.78 +2 839.47 +1 y7 75 69.3 31.2 
527.78 +2 726.39 +1 y6 75 69.3 31.2 
527.78 +2 613.30 +1 y5 75 69.3 31.2 
CytK1 
ANPTLSDAPVDGYPIPGASVTLR 
1156.10 +2 1230.68 +1 y12 75 115.4 62.8 
1156.10 +2 1173.66 +1 y11 75 115.4 62.8 
1156.10 +2 1010.60 +1 y10 75 115.4 62.8 
ANPTLSDAPVDGYPIPGASVTLR* 
1161.10 +2 1240.69 +1 y12 75 115.4 62.8 
1161.10 +2 1183.67 +1 y11 75 115.4 62.8 
1161.10 +2 1020.61 +1 y10 75 115.4 62.8 
          





































552.80 +2 762.40 +1 y8 75 71.4 32.6 
552.80 +2 705.38 +1 y7 75 71.4 32.6 
552.80 +2 618.35 +1 y6 75 71.4 32.6 
TLQGSSGDIVK* 
556.81 +2 770.41 +1 y8 75 71.4 32.6 
556.81 +2 713.39 +1 y7 75 71.4 32.6 
556.81 +2 626.36 +1 y6 75 71.4 32.6 
TVYAQNVIAPNTLSNSIR 
981.03 +2 1185.66 +1 y11 75 102.6 54.1 
981.03 +2 1072.57 +1 y10 75 102.6 54.1 
981.03 +2 1001.54 +1 y9 75 102.6 54.1 
TVYAQNVIAPNTLSNSIR* 
986.03 +2 1195.67 +1 y11 75 102.6 54.1 
986.03 +2 1082.58 +1 y10 75 102.6 54.1 
986.03 +2 1011.55 +1 y9 75 102.6 54.1 
NheB 
ELDNAQAEIQK 
629.82 +2 901.47 +1 y8 75 77.0 36.5 
629.82 +2 787.43 +1 y7 75 77.0 36.5 
629.82 +2 716.39 +1 y6 75 77.0 36.5 
ELDNAQAEIQK* 
633.82 +2 909.49 +1 y8 75 77.0 36.5 
633.82 +2 795.45 +1 y7 75 77.0 36.5 





































708.87 +2 1062.51 +1 y9 75 82.8 40.4 
708.87 +2 948.46 +1 y8 75 82.8 40.4 
708.87 +2 820.40 +1 y7 75 82.8 40.4 
LIQNQQETDLSK* 
712.88 +2 1070.52 +1 y9 75 82.8 40.4 
712.88 +2 956.48 +1 y8 75 82.8 40.4 
712.88 +2 828.42 +1 y7 75 82.8 40.4 
YNNLLQNVK 
553.30 +2 828.49 +1 y7 75 71.5 32.7 
553.30 +2 714.45 +1 y6 75 71.5 32.7 
553.30 +2 601.37 +1 y5 75 71.5 32.7 
YNNLLQNVK* 
557.31 +2 836.51 +1 y7 75 71.5 32.7 
557.31 +2 722.47 +1 y6 75 71.5 32.7 
557.31 +2 609.38 +1 y5 75 71.5 32.7 












2.6. Nano liquid chromatography multiple reaction monitoring (NanoLC-MRM)  
A volume of 5 μL was injected in full-loop mode into an Ultimate 3000-RSLC system 
(ThermoFisher Scientific). For each biological replicate, two injection replicates were prepared. 
The peptide mixture was loaded on an Acclaim PepMap RSLC Nano Trap Column (L x ID 2 
cm x 100 µm, C18, 5 µm, 100 Å) (ThermoFisher Scientific) operated at a flow rate of 10 µL/ 
min. The column was flushed for 3 min with 2% solvent B to remove unbound compounds. 
Peptides were then separated on an Acclaim PepMap Nano LC Column (L x ID 15 cm x 75 
µm, C18, 3 µm, 100 Å) (ThermoFisher Scientific) at a flow rate of 300 nL/min. Solvent A and 
solvent B were used as mobile phases. Separation was performed with a 30 min gradient 
ranging from 2% to 40% solvent B. The column system was maintained at 35 °C during the 
analysis.  
The eluted peptides were sprayed to a 4000 QTRAP mass spectrometer (AB Sciex) 
using a NanoSpray II ESI source (AB Sciex) with a fused-silica PicoTip™ emitter (uncoated 
SilicaTip™ with a tip size of 10 ± 1 µm) (New Objective). Data acquisition was performed in 
positive ion mode with the following parameters: IonSpray voltage set at 3.5 kV, curtain gas at 
10 (arbitrary units), nebulizing gas at 5 (arbitrary units) and interface heater temperature at 60 
°C. The QTRAP was operated in MRM acquisition mode with the Q1/Q3 resolution set to 
LOW. The MRM transitions were predicted in Skyline v.2.5 (MacLean et al., 2010): Doubly 
charged ions were used as precursors (Q1), while three y-ion fragments (Q3) per precursor were 
monitored (Table 6-1). The collision energy (CE) and declustering potential (DP) were 
determined for each precursor based on the following equations (Adrait et al., 2012, Devos et 
al., 2015): 
𝐶𝐸 (𝑉) = (0.5 ∗
𝑚
𝑧
) + 5 
𝐷𝑃 (𝑉) = (0.0729 ∗
𝑚
𝑧




 is the mass-to-charge ratio of the unlabeled (doubly charged) precursor ion. 
2.7. Data analysis and acceptance criteria 
The total area under curve (AUC) of each MRM transition was determined using 
Skyline after employing default peak integration and Savitzky-Golay smoothing 
transformation. 













1. Agreement in fragmentation behavior between the heavy and the light peptide: If the 
average signal of the heavy peptide is higher for transition Ti compared to Tj (i, j = 1-3 and 
i ≠ j), then the corresponding signal of the light peptide should also follow the same order. 
2. The AUC is higher than 103. The assigned value is arbitrary.  
3. The absolute difference in retention time of the heavy and the corresponding light peptide 
is lower than 0.05 min (= 3 sec). The assigned value is arbitrary. 
4. If the signal to noise ratio (S/N) is higher than 10, the peptide is considered quantifiable and 
if it ranges between 3 and 10, it is detectable.  
5. Criteria 2-4 should be met for at least the two most abundant transitions (transitions 
representing the highest average AUC values).   
The amount of the light peptide present in a sample (𝐴𝐿, fmol) is calculated based on 
the following formula: 









 : Area ratio of the light (L) and the heavy (H) peptide counterpart. When the criteria are 
not met, this value is denoted as 0. 
2.7.1. Linearity 
Calibration curves were constructed for the heavy peptides in the presence (acidified 
CGY) and absence (0.1% HCOOH) of matrix in the range of 50 to 1000 fmol (1 to 10 pmol for 
ANPTLSDAPVDGYPIPGASVTLR*). Three replicates were injected per concentration. The 
most abundant transition of each peptide was fitted in order to determine the goodness-of-fit 
(R2). The coefficient of variation (CV%) is used as a measure of precision of the analytical 
method (repeatability) at a given concentration of the analyte. The CV% is determined as the 
ratio of the standard deviation and the average value of the signal obtained from all replicates. 
A value is accepted as precise if the CV% is less than 25% (average). The lowest spiked amount 
of each heavy peptide with CV% ≤25% and S/N ≥10 was selected as an approximation of the 
limit of quantification (LOQ). No extrapolation was performed. The limit of detection (LOD) 
can be determined as LOQ/3. 












2.8. Proteotypic peptides and properties 
The CytK and Nhe sequences of the studied strains were obtained from the Protein 
database of the National Center for Biotechnology Information (NCBI). The GenBank 
accession numbers are given in Table 6-2. In silico digestion of enterotoxin sequences without 
the predicted signal peptide (SignalIP 4.1) was performed using PeptideMass (ExPASy) with 
trypsin as the selected enzyme and zero missed cleavages. Tryptic peptides with equal or more 
than 5 amino acid (aa) residues were evaluated for their hydrophobicity (Peptide Analyzing 
Tool, Thermo Scientific) and for the presence of residues susceptible to oxidation, i.e. 
methionine (M) and tryptophan (W). Peptides of moderate hydrophobicity and length of 7 to 
25 aa residues, but without M and W residues (Crasto et al., 2013) were controlled for 
specificity. The lowest common ancestor was calculated using Metaproteomics Analysis from 
Unipept 2.5.2 (Mesuere et al., 2015). Sequences with the lowest common ancestor assigned as 
‘Organism’ were not considered specific. The specificity of sequences with the lowest common 
ancestor ‘Bacteria’ was further investigated using Blastp 2.2.32+ (NCBI) with the default 
parameters. Enterotoxin peptide sequences found in any protein (100% coverage and 100% 
identity) that was identical or highly similar to the enterotoxins tested were considered specific. 








Table 6-2. Nhe and CytK encoded by the Bacillus cereus group strains used in this chapter.[ NA] Not available or applicable; [NE] Protein not encoded by 
the given strain; [SP]: Signal peptide predicted using SignalIP 4.1 Server for Gram-positive bacteria; [aa] Amino acid residues; [MW] Molecular weight of 
the mature protein (protein without the signal peptide) calculated using PeptideMass (ExPASy) based on monoisotopic mass; [a] Toxin is produced 




Protein Accession no. SP (aa) MW (Da) Protein Accession no. SP (aa) MW (Da) 













CytK1b WP_011983930 30 33802.5 













CytK2b CAC87262 30 33848.6 













NEb NA NA NA 
B. cereus NVH 0500/00 Nhea NA NA NA NEb NA NA NA 












2.9. Statistical analysis 
Quantitative data designated as zero (section 2.7 of this chapter) were removed prior to 
statistical analysis, because the variance of those observations was also zero. All analyses were 
performed in R (www.r-project.org; Windows 3.2.5, 64 bit). Normality was tested using the 
Shapiro-Wilks test and normal Q-Q plots. Homoscedasticity was tested with a robust Brown-
Forsythe Levene-type test. This was combined with O' Brien's correction factor (O'Brien 1978) 
and structural zero removal (Hines & Hines 2000) as described by Noguchi and Gel (Noguchi 
& Gel 2010) and implemented in the package ‘lawstat’ version 3.0 (Gastwirth et al., 2015). 
When appropriate, either the Wilcoxon Rank-Sum test or Welch-analysis of variance 
(ANOVA) followed by Games-Howell post-hoc testing (implemented in the package 
‘userfriendlyscience’ version 0.4-1 (Peters 2016)) were employed for the final hypothesis 
testing. Results are presented as the average of four values (two biological and two injection 
replicates) accompanied with standard deviations.  
3. Results 
3.1. Proteotypic peptides 
Based on the predicted tryptic peptides of Nhe, B. cereus NVH 1230/88 and B. cereus 
NVH 0075/95 have 83.33% (= (22+22+16)/(27+23+22)) common sequences (Table A 6-2 to 
Table A 6-10). In total, 95.7% (=22/23) of the tryptic peptides assigned to NheB were present 
in both strains, followed by peptides of NheA (81.5%=22/27) and NheC (72.7%=16/22). 
However, only 10 common tryptic peptide sequences from Nhe were found among B. 
cytotoxicus NVH 0391/98, B. cereus NVH 1230/88 and B. cereus NVH 0075/95 (Table A 6-2 
to Table A 6-10). 
Sixty three of the enterotoxin peptides presented in the tables listed above had a length 
between 7 and 25 aa residues, moderate hydrophobicity and did not contain methionine and 
tryptophan residues. From these, approximately 87% (=55/63) were specific to the enterotoxins 
tested (Table A 6-11). Three of the five peptides assigned to CytK1 (AQTTSQVVTDIGQNAK, 
VTFIDDPSADK and TNLIDQTNK) could also be found in CytK2 variants (CytK-specific 
peptides). Approximately half of the proteotypic (=specific) peptide sequences for Nhe (21 
(8+7+6) out of 50 (20+15+15)) could be found in B. cytotoxicus NVH 0391/98, but not in B. 
cereus NVH 1230/88 and B. cereus NVH 0075/95 (Table A 6-11). Only three of the remaining 












Nhe sequences (one from each component) were present in all three strains: ELLPLIQK 
(NheA), ELDNAQAEIQK (NheB) and YNNLLQNVK (NheC). 
A combination of a CytK- and a CytK1- specific peptide (TNLIDQTNK and 
ANPTLSDAPVDGYPIPGASVTLR, respectively) was selected to screen for the presence of 
CytK and determine the variant produced by the strains under study. ELDNAQAEIQK (NheB) 
and YNNLLQNVK (NheC) were chosen because they were present in all strains used in this 
chapter with known Nhe sequences i.e. B. cytotoxicus NVH 0391/98, B. cereus NVH 1230/88 
and B. cereus NVH 0075/95 (thus they are likely to represent conserved sequences). The 
remaining three peptides used in this chapter, LIQNQQETDLSK (NheC), TLQGSSGDIVK 
(NheA) and TVYAQNVIAPNTLSNSIR (NheA), were present in the Nhe sequences of B. 
cereus NVH 1230/88 and B. cereus NVH 0075/95, but not in B. cytotoxicus NVH 0391/98. The 
latter strain was thus used to evaluate the selectivity and specificity of our method. The 
enterotoxin sequences of B. cereus NVH 0500/00 have not been deposited in protein databases 
(Table 6-2), thus samples from this strain were treated as unknown. 
3.2. Linearity 
The heavy counterparts of the selected peptides were used to determine the linear 
dynamic range in the presence and absence of matrix (Figure 6-1). In the absence of matrix, the 
response curves of five peptides were linear (R2≥0.96) between 50 and 1000 fmol: 
TNLIDQTNK* (CytK), TLQGSSGDIVK* (NheA), TVYAQNVIAPNTLSNSIR* (NheA), 
ELDNAQAEIQK* (NheB) and LIQNQQETDLSK* (NheC). YNNLLQNVK* (NheC) 
responses were linear between 50 and 500 fmol. The linearity of 
ANPTLSDAPVDGYPIPGASVTLR* could not be assessed in the range tested in the presence 
or absence of matrix. The matrix resulted in decrease of the linear range for all peptides (50 to 
500 fmol), except LIQNQQETDLSK* (NheC). Similarly to 
ANPTLSDAPVDGYPIPGASVTLR*, the linearity in the responses of YNNLLQNVK* 














































Figure 6-1. Calibration curves of Nhe and CytK heavy peptide biomarkers in the presence (CGY) or 
absence (HCOOH) of matrix. 







































Figure 6-1. (Continued) 
 








































Figure 6-1. (Continued) 


























Figure 6-1. (Continued) 
 
The lowest spiked amount of each heavy peptide with CV% ≤25% and S/N ≥10 was 
selected as an approximation of the LOQ (Table 6-3). Overall, the LOQ values in the presence 
of acidified CGY were larger than or equal to those in the absence of medium (HCOOH). 
TNLIDQTNK has the lowest LOQ among the two CytK peptides tested (50 fmol) and it is thus 
preferred for quantification of CytK over ANPTLSDAPVDGYPIPGASVTLR. Similarly, 
TLQGSSGDIVK can be used for NheA quantification (50 fmol). Quantification of NheB is 
based on ELDNAQAEIQK, because it is the only peptide evaluated for this protein. The results 
for this peptide are comparable to that of TLQGSSGDIVK in HCOOH (LOQ = 50 fmol), but 
it is higher (almost double) in the presence of matrix. The LOQ values of LIQNQQETDLSK 
are higher than that of YNNLLQNVK in HCOOH, but lower in matrix. Because all strains were 







Table 6-3. Approximate values of the limit of quantification (LOQ) for the selected Nhe and CytK peptides in the presence (CGY) and absence (HCOOH) 
of matrix. [a] The limit of quantification expressed in fmol (total injected amount). The lowest spiked amount of each heavy peptide with coefficient of 
variation (CV%) ≤25% and signal to noise ratio (S/N) ≥10 was selected as an approximation of the LOQ. The limit of detection (LOD) can be calculated as 
LOQ/3; [b] The CV% of each transition is calculated and the average values of all transitions of a given peptide (with the standard deviation) are presented; 
[c] The S/N value represents the lowest value obtained from the three transitions tested. 
Protein Peptide 
HCOOH CGY 
LOQa CV%b (S/N)c LOQ CV% (S/N) 
CytK1/2 TNLIDQTNK 50 fmol 16% ± 1% (>48) 50 fmol 7% ± 1% (>13) 
CytK1 ANPTLSDAPVDGYPIPGASVTLR 1000 fmol 22% ± 3% (>82) 10000 fmol 4% ± 1% (>96) 
NheA TLQGSSGDIVK 50 fmol 14% ± 2% (>50) 50 fmol 20% ± 9% (>19) 
NheA TVYAQNVIAPNTLSNSIR 100 fmol 11% ± 8% (>>10) 100 fmol 20% ± 9% (>14) 
NheB ELDNAQAEIQK 50 fmol 19% ± 2% (>55) 100 fmol 5% ± 1% (>12) 
NheC LIQNQQETDLSK 100 fmol 4% ± 2% (>75) 50 fmol 10% ± 6% (>>10) 













3.3. Quantification of enterotoxin peptides 
For each strain, the MRM results/data were evaluated based on the acceptance criteria 
for a positive match (Table 6-4). Neither TNLIDQTNK (CytK1/2) nor ANPTLSDAP-
VDGYPIPGASVTLR (CytK1) were detected in samples originating from the culture 
supernatant of B. cereus NVH 0500/00 and B. cereus NVH 0075/95. The amount of 
TNLIDQTNK detected in samples of B. cytotoxicus NVH 0391/98 was 4.5 times higher, but 
not significantly different (p = 0.65), than the amount detected in B. cereus NVH 1230/88 (ca. 
1141 fmol and 252 fmol per 5 µL injected sample, respectively) (Figure 6-2). B. cytotoxicus 
NVH 0391/98 was the only strain demonstrating a positive response for ANPTLSDAP-
VDGYPIPGASVTLR, the peptide that represents the CytK1 variant. 
 
Table 6-4. Detection of proteotypic peptides obtained from food poisoning strains of the Bacillus 
cereus group. [+] Detected peptide; [-] Not detected peptide; [LOD] Limit of detection. A dash symbol 
in the peptide sequence (–) indicates that the peptide continues on the next line.  
Protein Peptide  













- - - + 
NheA TLQGSSGDIVK + + + - 
NheA TVYAQNVIAPNTLSNSIR + + + - 
NheB ELDNAQAEIQK + + + + 
NheC LIQNQQETDLSK + + + - 
NheC YNNLLQNVK - LOD LOD - 
 
TLQGSSGDIVK and TVYAQNVIAPNTLSNSIR (proteotypic peptides for NheA) 
were detected in all tested strains, except B. cytotoxicus NVH 0391/98 (Table 6-4). Production 
of NheA-associated peptides from B. cereus NVH 0500/00 and B. cereus NVH 0075/95 was 
similar (p = 0.12), but overall significantly higher compared to B. cereus NVH 1230/88 (p ˂ 
0.001) with 2623.7 ± 690.3 fmol, 2048.2 ± 186.3 fmol and 843.0 ± 124.6 fmol of 
TLQGSSGDIVK for each respective strain (Figure 6-2). 













Figure 6-2. Quantification of proteotypic peptides of CytK and Nhe obtained from food poisoning 
strains of the Bacillus cereus group. The peptides TNLIDQTNK, ANPTLSDAPVDGYPIPGASVTLR 
and ELDNAQAEIQK from B. cytotoxicus NVH 0391/98 were detected in each biological and 
technical replicate according to the acceptance criteria (despite the high variance among the 
biological replicates). Statistical comparisons were performed for each peptide among the different 
strains. The values of a given peptide represented by the same marking are not considered 
significantly different. Values that are not presented in the figure (zero, i.e. below limit of detection) 
are considered significantly different from any detectable value of a given peptide (no marking is 
used). 
The NheB peptide was detected in all four strains. Similarly to the observations for 
NheA, B. cereus NVH 0500/00 and B. cereus NVH 0075/95 (661.32 ± 213.7 fmol and 706.4 ± 
142.7 fmol, p = 0.96) were stronger producers of ELDNAQAEIQK (p ˂ 0.01) compared to B. 
cereus NVH 1230/88 and B. cytotoxicus NVH 0391/98 (290.5 ± 65.0 and 196.9 ± 195.5 fmol, 
p = 0.60). 
The NheA:NheB peptide ratio was fairly constant for all strains (the ratio could not be 
evaluated for B. cytotoxicus NVH 0391/98), i.e. 3-4:1. 
LIQNQQETDLSK (NheC) was also detected in all strains, except B. cytotoxicus NVH 
0391/98, in comparable amounts (range between 161 and 189 fmol, p = 0.19). The other NheC 













0391/98, but was detected in the other two strains (p = 0.78) at ca. 100 fmol, which represents 
the LOD of this peptide. 
The supernatant of all strains gave a positive signal for Nhe in Duopath, except that of 
B. cytotoxicus NVH 0391/98. 
4. Discussion 
An MRM approach was designed for the differentiation among CytK variants, as well 
as all Nhe components (using heavy-labeled enterotoxin peptides as internal standards) to 
circumvent the current lack of specific and quantitative methods for B. cereus enterotoxin 
analysis. The supernatant of four food poisoning strains belonging to the B. cereus group was 
used to successfully identify and quantify proteotypic peptides of enterotoxins, such as 
TNLIDQTNK (CytK), TLQGSSGDIVK (NheA), ELDNAQAEIQK (NheB) and 
LIQNQQETDLSK (NheC). The LOQ values determined in the growth medium (CGY) are 50 
fmol for all these peptides, except for ELDNAQAEIQK (100 fmol). Because all heavy peptides 
were purchased as crude preparations, the LOQ values presented here may be overestimated. 
We have shown that all strains tested can produce Nhe components. At least one peptide 
of each enterotoxin component was detected for the majority of the strains. The simultaneous 
presence of all three Nhe components is a prerequisite for maximal cytotoxicity (Lindbäck et 
al., 2004). In this part of the dissertation, B. cytotoxicus NVH 0391/98 served as a negative 
control for Nhe, because most of the proteotypic peptides screened are not identical to those 
present in the Nhe sequences of this strain (Table A-2 to Table A 6-10). This can be attributed 
to the heterogeneity of the Nhe proteins produced by B. cytotoxicus NVH 0391/98 (Fagerlund 
et al., 2007), which makes it difficult to obtain tryptic peptides commonly found in other B. 
cereus group strains (Table A-2 to Table A 6-10). Nevertheless, we were able to detect the 
NheB component of B. cytotoxicus NVH 0391/98 using a peptide sequence conserved among 
all four strains (ELDNAQAEIQK). Production of Nhe components by this strain has been 
rarely confirmed (Fagerlund et al., (2007); chapter 5), while commercial immunoassays, 
including the Duopath kit, result in a false-negative response (Guinebretière et al., 2002, Krause 
et al., 2010). 
In this chapter, both CytK variants were detected and discriminated by targeting a 
peptide common in both variants, in addition to a peptide specific for CytK1. There are no 
commercial immunoassays available for screening B. cereus isolates for the presence of CytK. 
The lack of detection methods is probably associated with the very low prevalence of CytK1 












(Guinebretière et al., 2013) and the limited cytotoxicity of CytK2 compared to the former 
variant (Fagerlund et al., 2004). However, CytK1 is a relatively potent toxin that requires 15-
30 ng for 50% lysis of bovine red cells within 1 hour (and even less for lysis of rabbit red cells), 
and 85 ng for 50% inhibition of Vero cells (Lund et al., 2000). Thus, a food isolate that produces 
CytK1 can be considered as ‘high risk’ for food safety. On the other hand, CytK2, which is 
rather common in strains of B. cereus (Guinebretière et al., 2002, Guinebretière et al., 2006), 
could be also posing a significant food safety risk in strong CytK2 producing strains. Therefore, 
a quantitative approach, rather than the detection of genes or enterotoxins (presence/absence), 
is more suitable for the assessment of the virulence potential of B. cereus isolates (Moravek et 
al., 2006) and enables the ranking of enterotoxic strains into low, moderate or high producers. 
Our results show that B. cereus NVH 0500/00 and B. cereus NVH 0075/95 do not 
produce any variant of CytK, which is consistent with the lack of the corresponding genes 
(Guinebretière et al., 2006). On the other hand, B. cytotoxicus NVH 0391/98 and B. cereus 
NVH 1230/88 produce CytK1 and CytK2, respectively. Assuming that both protein variants 
behave the same during sample preparation, similar amounts of CytK were produced by these 
strains. However, the biological replicates of B. cytotoxicus NVH 0391/98 demonstrated a very 
distinct behavior: While the amount of TNLIDQTNK (CytK peptide) in one replicate was 
comparable to that of B. cereus NVH 1230/88, it was 10-fold higher in the other replicate (data 
not shown). The reason of this variable behavior is not clear. Yet, Gilois et al., (2007) have 
demonstrated that CytK from B. cereus ATCC 14579 is very unstable compared to Hbl and 
Nhe with a half-life of 0.19 h at 30 °C. Nevertheless, the abundance of a toxin and its specific 
cytotoxic potential (after purification) are both essential in order to determine the importance 
of a given toxin in food poisoning during hazard identification and characterization. 
B. cereus NVH 0500/00 and B. cereus NVH 0075/95 produced comparable amounts of 
Nhe peptides, while production from B. cytotoxicus NVH 0391/98 and B. cereus NVH 1230/88 
under the same conditions was more limited. The differences between B. cereus NVH 1230/88 
and B. cereus NVH 0075/95 did not originate from differences in bacterial concentration (8.36 
± 0.07 and 8.48 ± 0.21 log CFU/mL, respectively). It has been previously demonstrated that B. 
cereus NVH 0075/95 is a stronger Nhe producer compared to B. cereus NVH 1230/88 using a 
sandwich enzyme immunoassay (EIA) based on a monoclonal antibody for NheB (Personal 
communication with Prof. M-H. Guinebretière; Moravek et al., (2006); Heilkenbrinker et al., 
(2013)), while B. cytotoxicus NVH 0391/98 did not react with the antibodies used to target 
NheB and NheC (Heilkenbrinker et al., 2013). Despite the similarities with our study, we 













This variability could be caused by the differences in the experimental setup and losses during 
sample preparation for MS, however the use of different quantification methods is a more likely 
explanation. 
Although all Nhe genes are transcribed from the same operon (Granum et al., 1999), we 
observed a specific production pattern with NheA>NheB>NheC. This order is consistent with 
the corresponding protein stability, i.e. 18.6 and 1.18 hours for NheA and NheB, respectively 
(NheC was not detected in that study) (Gilois et al., 2007). Differences in the digestion potential 
may also explain the unequal amounts of the different Nhe components. In contrast to our 
observation, the abundance of NheB in the secretome of B. cereus ATCC 14579 was found to 
be higher than that of NheA using label-free mass spectrometry analyses (Vörös et al., 2014). 
Nevertheless, other studies of the extracellular proteome of B. cereus ATCC 14579 suggest that 
NheA production was indeed higher than NheB, based on the total spot volume from 2D-
electrophoresis (Gohar et al., 2002, Gilois et al., 2007). Additionally, Gilois et al., (2007) 
demonstrated that the NheA to NheB ratio is variable between 1 h before and 5 h after the 
transition to the stationary phase (but it was always higher than 1). This may explain the higher 
ratios observed in this chapter (3-4:1) compared to those (1.1-1.5:1) from previous studies 
(Gohar et al., (2002); Personal communication with Dr. M. Gohar). 
The low abundance of NheC is consistent with previous findings (Heilkenbrinker et al., 
2013). A 13 bp inverted repeat between nheB and nheC genes is responsible for transcriptional 
repression of the latter gene resulting in little production of NheC (Granum et al., 1999). 
Because of this, previous studies were not successful in detecting this enterotoxin component 
(Granum et al., 1999, Gohar et al., 2002, Gilois et al., 2007, Vörös et al., 2014). It appears that 
our methodological approach has a better sensitivity, at least vis-à-vis NheC. According to 
Heilkenbrinker et al., (2013), the intergenic sequences between nheB and nheC genes are 
variable, therefore the extent of nheC repression may differ from strain to strain. Despite this, 
no significant differences in NheC production were observed (when evaluated using 
LIQNQQETDLSK) among B. cereus NVH 1230/88, B. cereus NVH 0500/00 and B. cereus 
NVH 0075/95. 
We have recommended a total of fifty-five proteotypic tryptic peptides from CytK and 
Nhe that have properties compatible with LC-MS/MS MRM analysis (moderate 
hydrophobicity, moderate length, lack of oxidation sites). Ideally, these peptides should be 
screened in MRM and those with the best performance (in respect to sensitivity, coefficient of 
variation etc.) should be selected as enterotoxin biomarkers. The cost of synthesizing heavy 
peptides does not generally allow the use of multiple peptide targets. According to Veenstra et 












al., (2004), a protein must be represented by minimally two peptides identified using MS/MS 
or alternatively by a single peptide with a high-quality MS/MS. Therefore, good quality ‘one-
hit wonders’ are a good compromise for proteomic studies. 
Our strategy was to select peptides that were assigned to each enterotoxin (component) 
studied. Most toxins were represented by two peptides (with at least two MRM transitions each) 
in order to increase the confidence in detection. Only NheB and CytK2 were represented by a 
single peptide, both with good quality MS/MS spectra (data not shown). However, we 
recommend the use of additional proteotypic peptides for increasing the protein coverage and 
guaranteeing the specificity of our methodology towards the given enterotoxins. Furthermore, 
we selected peptides with identical sequences among different strains in order to compare 
enterotoxin production of these strains (we assume that the losses for a given enterotoxin 
(component) during sample preparation are the same among strains). It was previously shown 
that nhe genes are overall conserved (> 92% identity) in B. cereus (Ceuppens et al., 2011, 
Jessberger et al., 2015). Additionally, based on amino acid sequence identity, NheB is the most 
conserved Nhe component, followed by NheA and then NheC (Jessberger et al., 2015). It is 
thus likely to obtain many common proteotypic peptide sequences among strains (Table A 6-2 
to Table A 6-10). However, very diverse nhe gene sequences have been found in members of 
the B. cereus group, including B. cytotoxicus and strains of B. mycoides and B. pseudomycoides 
(Ceuppens et al., 2011). In these cases, it is more difficult to find common peptides. For 
example, B. cytotoxicus NVH 0391/98, B. cereus NVH 1230/88 and B. cereus NVH 0075/95 
share only 3 common Nhe peptides: ELLPLIQK (NheA), ELDNAQAEIQK (NheB) and 
YNNLLQNVK (NheC). The latter two were studied in this chapter. However, YNNLLQNVK 
is only detected in two of the tested strains. In both cases, the limit of detection (LOD) was 
reached, i.e. ca. 100 fmol YNNLLQNVK (assuming that there were no losses during digestion 
and precipitation and that the purity of internal standards was 100%, this amount corresponded 
to ca. 24 ng/mL NheC). Therefore, alternative peptides (probably more than one given the lack 
of similarities) should be evaluated. Regions close to the N-terminus of nheC gene sequences 
are often diverse among strains (Heilkenbrinker et al., 2013), thus peptides from that region 
should be avoided. Finally, we have chosen unique peptides able to differentiate among toxin 
variants. Such a peptide was ANPTLSDAPVDGYPIPGASVTLR that targets CytK1 
specifically, while being absent in CytK2. Although this peptide was employed successfully, 
higher amounts are required for detection compared to the other peptides used (Figure 6-1), 
probably due to poor ionization (large peptide). Therefore, DTEQSSIQVAYTK, the only other 













experimentally compare its performance with that of ANPTLSDAPVDGYPIPGASVTLR. 
Alternatively, peptides specific only for CytK2 can be introduced for discrimination among 
variants.  
To summarize, we provide a proof-of-concept study using MRM to quantify peptides 
of enterotoxins produced by food poisoning strains of the Bacillus cereus group. We have 
suggested various proteotypic peptides for CytK and Nhe that are (at least theoretically) 
appropriate for LC-MS/MS analysis, and further evaluated experimentally a selected subgroup 
of them. Our sample preparation combined trichloroacetic acid precipitation and in solution 
protein digestion. Thus, it is a relatively rapid and straightforward protocol, since it does not 
require dialysis, gel electrophoresis or other extensive sample preparation techniques. The 
proposed methodological approach performs well compared to Duopath, although further 
comparative studies with commercial immunoassays are required to determine which method 
is more sensitive. Regardless of that, a quantitative tool for B. cereus enterotoxins is necessary 
during food safety risk assessment and our research is a promising starting point for this 
realization. For further optimization, protein standards instead of synthetic peptides should be 
used to account for losses during sample preparation or for incomplete protein digestion 
(section 4 in chapter 7). 













5.1. In silico predicted tryptic peptides 
Table A 6-1. In silico predicted tryptic peptides of CytK1 from Bacillus cytotoxicus NVH 0391/98 
(WP_011983930) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] 
Hydrophobicity; [Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic 
peptide; [Moderate] Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-
tryptic peptide. 




(# aa) (# M, W) 
1 AQTTSQVVTDIGQNAK 16 Moderate 0 
2 THTSYNTFNNEQADNMTMSLK 21 Moderate 2 
3 VTFIDDPSADK 11 Moderate 0 
4 QIAVINTTGSFMK 13 Moderate 1 
5 ANPTLSDAPVDGYPIPGASVTLR 23 Moderate 0 
6 YPSQYDIAMNLQDNTSR 17 Moderate 1 
7 FFHVAPTNAVEETTVTSSVSYQLGGSIK 28 Moderate 0 
8 ASVTPSGPSGESGATGQVTWSDSVSYK 27 Moderate 1 
9 QTSYK 5 Low 0 
10 TNLIDQTNK 9 Moderate 0 
11 WNVFFNGYNNQNWGIYTR 18 Moderate 2 
12 DSYHALYGNQLFMYSR 16 Moderate 1 
13 TYPHETDAR 9 Low 0 
14 GNLVPMNDLPALTNSGFSPGMIAVVISEK 29 High 2 
15 DTEQSSIQVAYTK 13 Moderate 0 
16 HADDYTLRPGFTFGTGNWVGNNIK 24 Moderate 1 
17 DVDQK 5 Low 0 














Table A 6-2. In silico predicted tryptic peptides of NheA from Bacillus cytotoxicus NVH 0391/98 
(ABI52601) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. 





(# aa) (# M, W) 
1 YYEGEQSGLQPMYAQNVMTPNTFSNSIR 28 Moderate 2 A 
2 MLGAQSPLIQAYGLIILQQPDIK 23 High 1 A 
3 VSAMSSLTNHQK 12 Moderate 1 A 
4 EWIDEYNPK 9 Moderate 1 A, B, C 
5 LIDLNQEMMR 10 Moderate 2 A, B, C 
6 FNSYYNK 7 Moderate 0 A 
7 LYGLAEK 7 Moderate 0 A 
8 INEDEQAAVDFTNAYGK 17 Moderate 0 A 
9 LQGQVQMIQDNMEQTLFELNR 21 Moderate 2 A 
10 ALLTK 5 Moderate 0 A 
11 DSQSLSQK 8 Low 0 A 
12 ADEAIQSLQGANGDIVK 17 Moderate 0 A 
13 IQEEIQTDLSDILNRPQEIVK 21 Moderate 0 A 
14 GSIHIGK 7 Moderate 0 A 
15 VFTITNQTAQTK 12 Moderate 0 A 
16 TIDFVSIDSLSDEIVNAADSQTR 23 Moderate 0 A 
17 EIALR 5 Moderate 0 A 
18 ELLPLIQK 8 Moderate 0 A, B, C 
19 TEAEVTEITFVEDQVSSFTELVDR 24 High 0 A 
20 QITTLEYVLNDWK 13 Moderate 1 A 
21 VLNQNMIQIK 10 Moderate 1 A 
22 TNIDSGTYTNGSLLQK 16 Moderate 0 A 
23 HFNQLK 6 Moderate 0 A 
24 SSDEIK 6 Low 0 A 
25 QTSQFEDYITNVEVHS* 16 Moderate 0 A 
 












Table A 6-3. In silico predicted tryptic peptides of NheA from Bacillus cereus NVH 1230/88 
(CAB53338) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. 





(# aa) (# M, W) 
1 EGQTEVK 7 Low 0 B, C 
2 TVYAQNVIAPNTLSNSIR 18 Moderate 0 B, C 
3 MLGSQSPLIQAYGLIILQQPDIK 23 High 1 B 
4 VNAMSSLTNHQK 12 Moderate 1 B, C 
5 EWIDEYNPK 9 Moderate 1 A, B, C 
6 LIDLNQEMMR 10 Moderate 2 A, B, C 
7 FNSYYSK 7 Moderate 0 B, C 
8 LYELAGNVNEDQQAK 15 Moderate 0 B 
9 ADLMSAYGK 10 Moderate 1 B 
10 LQLQVQSIQESMEQDLLELNR 21 Moderate 1 B 
11 TVLDK 5 Low 0 B, C 
12 DSNNLSIK 8 Moderate 0 B, C 
13 ADEAIK 6 Low 0 B, C 
14 TLQGSSGDIVK 11 Moderate 0 B, C 
15 IQGEIQAELTTILNRPQEIIK 21 Moderate 0 B, C 
16 GSINIGK 7 Moderate 0 B, C 
17 QVFTITNQTAQTK 13 Moderate 0 B, C 
18 TIDFVSIGTLSNEIVNAADSQTR 23 Moderate 0 B, C 
19 EAALR 5 Low 0 B, C 
20 ELLPLIQK 8 Moderate 0 A, B, C 
21 LSQTEAEATQITFVEDQVNSFTELIDR 27 Moderate 0 B 
22 QITTLETLLTDWK 13 Moderate 1 B, C 
23 VLNNNMIQIQK 11 Moderate 1 B, C 
24 NVEEGTYTDSSLLQK 15 Moderate 0 B, C 
25 HFNQIK 6 Moderate 0 B, C 
26 VSDEMNK 7 Low 1 B, C 














Table A 6-4. In silico predicted tryptic peptides of NheA from Bacillus cereus NVH 0075/95 
(AAZ82471) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. 





(# aa) (# M, W) 
1 EGQTEVK 7 Low 0 B, C 
2 TVYAQNVIAPNTLSNSIR 18 Moderate 0 B, C 
3 MLGSQSPLIQAYGLVILQQPDIK 23 High 1 C 
4 VNAMSSLTNHQK 12 Moderate 1 B, C 
5 EWIDEYNPK 9 Moderate 1 A, B, C 
6 LIDLNQEMMR 10 Moderate 2 A, B, C 
7 FNSYYSK 7 Moderate 0 B, C 
8 LYELAGNINEDEQSK 15 Moderate 0 C 
9 ADFTNAYGK 9 Moderate 0 C 
10 LQLQVQSIQENMEQDLLELNR 21 Moderate 1 C 
11 TVLDK 5 Low 0 B, C 
12 DSNNLSIK 8 Moderate 0 B, C 
13 ADEAIK 6 Low 0 B, C 
14 TLQGSSGDIVK 11 Moderate 0 B, C 
15 IQGEIQAELTTILNRPQEIIK 21 Moderate 0 B, C 
16 GSINIGK 7 Moderate 0 B, C 
17 QVFTITNQTAQTK 13 Moderate 0 B, C 
18 TIDFVSIGTLSNEIVNAADSQTR 23 Moderate 0 B, C 
19 EAALR 5 Low 0 B, C 
20 ELLPLIQK 8 Moderate 0 A, B, C 
21 LSQTEAEATQITFVEDQVSSFTELIDR 27 Moderate 0 C 
22 QITTLETLLTDWK 13 Moderate 1 B, C 
23 VLNNNMIQIQK 11 Moderate 1 B, C 
24 NVEEGTYTDSSLLQK 15 Moderate 0 B, C 
25 HFNQIK 6 Moderate 0 B, C 
26 VSDEMNK 7 Low 1 B, C 
27 QTNQFEDYVTNVEVH* 17 Moderate 0 B, C 
 












Table A 6-5. In silico predicted tryptic peptides of NheB from Bacillus cytotoxicus NVH 0391/98 
(ABI52602) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 





(# aa) (# M, W) 
1 AENMK 5 Low 1 A 
2 SVSVHAVAK 9 Moderate 0 A 
3 AYHEYEEYSLGPEGLK 16 Moderate 0 A 
4 DAMER 5 Low 1 A, B, C 
5 TGSNALVMDLYALTIIK 17 High 1 A, B, C 
6 QGNVSFGNVTTVDAPLR 17 Moderate 0 A 
7 IVQHQNTAR 9 Low 0 A 
8 QWLDVLKPQLISTNQNIINYNTK 23 Moderate 1 A, B, C 
9 FQNYYDTLVK 10 Moderate 0 A 
10 AVDTK 5 Low 0 A 
11 ATLTK 5 Low 0 A, B, C 
12 LSNSITENK 9 Moderate 0 A 
13 EQVDK 5 Low 0 A 
14 LVEDLK 6 Moderate 0 A 










57 High 0 
A 
18 ELDNAQAEIQK 11 Moderate 0 A, B, C 




30 High 3 
A 
21 YHSLLQNVDSISPEELVFMK 20 High 1 A 
22 EDLSIAK 7 Moderate 0 A 
23 DYAEK 5 Low 0 A, B, C 














Table A 6-6. In silico predicted tryptic peptides of NheB from Bacillus cereus NVH 1230/88 
(CAB53339) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 





(# aa) (# M, W) 
1 AESTVK 6 Low 0 B 
2 QAPVHAVAK 9 Low 0 B, C 
3 AYNDYEEYSLGPEGLK 16 Moderate 0 B, C 
4 DAMER 5 Low 1 A, B, C 
5 TGSNALVMDLYALTIIK 17 High 1 A, B, C 
6 QGNVNFGNVSSVDAALK 17 Moderate 0 B, C 




23 Moderate 1 A, B, C 
9 FQNYYDTLVAAVDAK 15 Moderate 0 B, C 
10 ATLTK 5 Low 0 A, B, C 
11 LSSSINENK 9 Low 0 B, C 
12 AQVDQLVEDLK 11 Moderate 0 B, C 










57 High 0 B, C 








30 High 2 B, C 
19 YNSLLQNVDSISPNDLVFIK 20 High 0 B, C 
20 EDLNIAK 7 Moderate 0 B, C 
21 DYAEK 5 Low 0 A, B, C 
22 IYAEDIK 7 Moderate 0 B, C 
23 VVDTK 5 Low 0 B, C 












Table A 6-7. In silico predicted tryptic peptides of NheB from Bacillus cereus NVH 0075/95 
(AAZ82472) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 





(# aa) (# M, W) 
1 ESTVK 5 Low 0 C 
2 QAPVHAVAK 9 Low 0 B, C 
3 AYNDYEEYSLGPEGLK 16 Moderate 0 B, C 
4 DAMER 5 Low 1 A, B, C 
5 TGSNALVMDLYALTIIK 17 High 1 A, B, C 
6 QGNVNFGNVSSVDAALK 17 Moderate 0 B, C 
7 VIQHQDTAR 9 Low 0 B, C 
8 QWLDVLKPQLISTNQNIINYNTK 23 Moderate 1 A, B, C 
9 FQNYYDTLVAAVDAK 15 Moderate 0 B, C 
10 ATLTK 5 Low 0 A, B, C 
11 LSSSINENK 9 Low 0 B, C 
12 AQVDQLVEDLK 11 Moderate 0 B, C 









57 High 0 B, C 
16 ELDNAQAEIQK 11 Moderate 0 A, B, C 




30 High 2 B, C 
19 YNSLLQNVDSISPNDLVFIK 20 High 0 B, C 
20 EDLNIAK 7 Moderate 0 B, C 
21 DYAEK 5 Low 0 A, B, C 
22 IYAEDIK 7 Moderate 0 B, C 














Table A 6-8. In silico predicted tryptic peptides of NheC from Bacillus cytotoxicus NVH 0391/98 
(ABI52603) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 









31 Moderate 2 A 
2 LILDQQETDLHK 12 Moderate 0 A 
3 INSIHGDVR 9 Moderate 0 A 
4 DIIQHQR 7 Low 0 A 
5 MNATNWTHQMKPQIMK 16 Moderate 4 A 
6 IIDFHTIFQAQYNSMLLAVDQK 22 High 1 A 
7 ANLETLYTNILR 12 Moderate 0 A 








29 High 2 A 
11 DIANAER 7 Low 0 A, C 
12 EIANVK 6 Low 0 A 




28 High 2 A 
15 YNNLLQNVK 9 Moderate 0 A, B, C 
16 GISPEEFHFIK 11 Moderate 0 A 
17 EDLNVAK 7 Moderate 0 A 
18 TYTEK 5 Low 0 A 
19 LHESIK 6 Moderate 0 A 
 












Table A 6-9. In silico predicted tryptic peptides of NheC from Bacillus cereus NVH 1230/88 
(CAB53340) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 





(# aa) (# M, W) 
1 AEQNVK 6 Low 0 B, C 




28 Moderate 2 B 
4 LIQNQQETDLSK 12 Moderate 0 B, C 
5 ISSINSEFK 9 Moderate 0 B 
6 GNMIQHQR 8 Low 1 B, C 




26 High 1 B, C 
9 ADLEK 5 Low 0 B, C 
10 LYADIVK 7 Moderate 0 B, C 
11 NQNEVDGLLGNLK 13 Moderate 0 B, C 








29 High 2 B, C 
15 DIANAEGEIANLK 13 Moderate 0 B 




28 Moderate 2 B, C 
18 YNNLLQNVK 9 Moderate 0 A, B, C 
19 GITPEEFTFIK 11 Moderate 0 B, C 
20 EDLHTAK 7 Low 0 B, C 
21 DYTEK 5 Low 0 B, C 














Table A 6-10. In silico predicted tryptic peptides of NheC from Bacillus cereus NVH 0075/95 
(AAZ82473) without the predicted signal peptide. [aa] Amino acid; [Hydrophob.] Hydrophobicity; 
[Modif.] Modifications; [M] Methionine; [W] Tryptophan; [High] Hydrophobic peptide; [Moderate] 
Peptide with moderate hydrophobicity; [Low] Hydrophilic peptide; [*] Non-tryptic peptide. [A] 
Bacillus cytotoxicus NVH 0391/98; [B] Bacillus cereus NVH 1230/88; [C] Bacillus cereus NVH 
0075/95. A dash symbol (–) in the peptide sequence indicates that the peptide continues on the next 
line. 





(# aa) (# M, W) 




35 Moderate 2 C 
3 LIQNQQETDLSK 12 Moderate 0 B, C 
4 ISSINGELK 9 Moderate 0 C 
5 GNMIQHQR 8 Low 1 B, C 




26 High 1 B, C 
8 ADLEK 5 Low 0 B, C 
9 LYADIVK 7 Moderate 0 B, C 
10 NQNEVDGLLGNLK 13 Moderate 0 B, C 








29 High 2 B, C 
14 DIANAER 7 Low 0 A, C 
15 EIANLK 6 Moderate 0 C 




28 Moderate 2 B, C 
18 YNNLLQNVK 9 Moderate 0 A, B, C 
19 GITPEEFTFIK 11 Moderate 0 B, C 
20 EDLHTAK 7 Low 0 B, C 
21 DYTEK 5 Low 0 B, C 







5.2.  Candidate proteotypic peptides for CytK1 and Nhe 
Table A 6-11. Candidate proteotypic peptides for detection and quantification of CytK1 and Nhe using mass spectrometry. [a] All presented sequences have 
moderate hydrophobicity, do not contain methionine and tryptophan residues and consist of 7 to 25 amino acid residues. A dash symbol (–) in the peptide 
sequence indicates that the peptide continues on the next line. [b] A: Bacillus cytotoxicus NVH 0391/98; B: Bacillus cereus NVH 1230/88; C: Bacillus 
cereus NVH 0075/95. [c] The lowest common ancestor of these peptides was calculated using Metaproteomics Analysis from Unipept 2.5.2. [d] Yes: The 
corresponding peptide is present in sequences that are identical or have high similarity to the enterotoxins tested; No: The corresponding peptide is present 
in sequences that do not have high similarity to the enterotoxins tested; Yes/No: The corresponding peptide is also present in CytK2; NT: Not tested because 
the taxonomy is too broad. [e] Yes: The corresponding peptide is a candidate for detection of CytK (CytK1 alone or both CytK1 and CytK2) and Nhe; No: 
The corresponding peptide is not a candidate for detection of CytK and Nhe. The reason is specified in parenthesis. [f] MALDI: Detected peptides (modified 
or not) obtained from chapter 5; LC/MS: Detected peptides (modified or not) obtained with full scan Fourier-transform ion cyclotron resonance (FT ICR) 
during discovery phase using samples from chapter 5; MRM: Detected peptides obtained during optimization steps in chapter 6; Yes: Detected peptide; No: 
Not detected peptide; NA: Not applicable; NT: Not tested in chapter 6; When multiple strains contain the given peptide (see column ‘Strain’), the detection 









































































AQTTSQVVTDIGQNAK 16 A NA Yes/No Yes   NT 




23 A B. cereus group Yes Yes Yes Yes Yes 
4 TNLIDQTNK 9 A Bacteria Yes/No Yes Yes Yes Yes 
5 DTEQSSIQVAYTK 13 A B. cereus group Yes Yes Yes Yes Yes 














































































FNSYYNK 7 A B. cereus group No No (specificity) Yes NA NT 
2 LYGLAEK 7 A Organism NT No (taxonomy)  NA NT 
3 INEDEQAAVDFTNAYGK 17 A B. cereus group Yes Yes  NA Yes 
4 ADEAIQSLQGANGDIVK 17 A B. cereus group Yes Yes Yes NA Yes 
5 IQEEIQTDLSDILNRPQEIVK 21 A B. cereus group Yes Yes Yes NA NT 
6 GSIHIGK 7 A B. cereus group Yes Yes  NA NT 




23 A B. cereus group Yes Yes Yes NA NT 
9 TNIDSGTYTNGSLLQK 16 A B. cereus group Yes Yes Yes NA Yes 
10 QTSQFEDYITNVEVHS 16 A B. cereus group Yes 
Yes (non 
tryptic) 
Yes NA Yes 
11 LYELAGNVNEDQQAK 15 B Bacillus Yes Yes Yes NA Yes 
12 TVYAQNVIAPNTLSNSIR 18 B, C Bacillus Yes Yes Yes, Yes NA, Yes Yes, Yes 
13 FNSYYSK 7 B, C Firmicutes Yes Yes , Yes NA, Yes No, No 
14 LYELAGNINEDEQSK 15 C B. cereus group Yes Yes  Yes NT 
15 ADFTNAYGK 9 C B. cereus group Yes Yes Yes Yes Yes 
16 DSNNLSIK 8 B, C Organism NT No (taxonomy) , NA, Yes NT, NT 
17 TLQGSSGDIVK 11 B, C Bacillus Yes Yes Yes, NA, Yes Yes, Yes 
18 IQGEIQAELTTILNRPQEIIK 21 B, C Bacillus Yes Yes , Yes NA, NT, NT 













































































23 B, C Bacillus Yes Yes , Yes NA, Yes No, Yes 
22 ELLPLIQK 8 A, B, C Bacteria Yes Yes ,, Yes NA,, Yes No, Yes, Yes 
23 NVEEGTYTDSSLLQK 15 B, C B. cereus group Yes Yes Yes, Yes NA, Yes Yes, Yes 
24 QTNQFEDYVTNVEVH 17 B, C Bacillus Yes 
Yes (non 
tryptic) 






SVSVHAVAK 9 A B. cereus group Yes Yes NA NA NT 
2 AYHEYEEYSLGPEGLK 16 A B. cereus group Yes Yes NA NA NT 
3 QGNVSFGNVTTVDAPLR 17 A B. cereus group Yes Yes NA NA NT 
4 FQNYYDTLVK 10 A B. cereus group Yes Yes NA NA Yes 
5 LSNSITENK 9 A B. cereus group Yes Yes NA NA Yes 
6 ITTAQLEVAGLTNIK 15 A B. cereus group Yes Yes NA NA Yes 
7 EDLSIAK 7 A Organism NT No (taxonomy) NA NA NT 
8 IYAEDIQVVDR 11 A B. cereus group Yes Yes NA NA Yes 
9 AYNDYEEYSLGPEGLK 16 B, C Bacillus Yes Yes NA, Yes NA, Yes NT, NT 
10 QGNVNFGNVSSVDAALK 17 B, C B. cereus group Yes Yes NA, Yes NA, Yes NT, NT 
11 FQNYYDTLVAAVDAK 15 B, C Bacillus Yes Yes NA, Yes NA, Yes No, Yes 
12 AQVDQLVEDLK 11 B, C Bacillus Yes Yes NA, NA, Yes No, Yes 
13 ELDNAQAEIQK 11 A, B, C Bacillus Yes Yes NA, NA, Yes NA, NA, Yes Yes, Yes, Yes 









































































15 EDLNIAK 7 B, C Bacteria Yes Yes NA, NA, NT, NT 






LILDQQETDLHK 12 A B. cereus group Yes Yes NA NA NT 
2 INSIHGDVR 9 A B. cereus group Yes Yes NA NA NT 
3 ANLETLYTNILR 12 A B. cereus group Yes Yes NA NA NT 
4 EVDALLEELK 10 A B. cereus group Yes Yes NA NA NT 
5 ISGVQAEIAILTDVK 15 A B. cereus group Yes Yes NA NA NT 
6 GISPEEFHFIK 11 A B. cereus group Yes Yes NA NA NT 
7 EDLNVAK 7 A B. cereus group No No (specificity) NA NA NT 
8 VLQENVK 7 B Organism NT No (taxonomy) NA NA NT 
9 ISSINSEFK 9 B Bacillus Yes Yes NA NA Yes 
10 DIANAEGEIANLK 13 B B. cereus Yes Yes NA NA NT 
11 ISGAQAEVVILTDVK 15 B Bacillus Yes Yes NA NA NT 
12 LIQNQQETDLSK 12 B, C Bacillus Yes Yes NA, NA NA, Yes Yes, Yes 
13 ISSINGELK 9 C B. cereus Yes Yes NA  Yes 
14 LYADIVK 7 B, C Bacteria No No (specificity) NA, NA NA, NT, NT 
15 NQNEVDGLLGNLK 13 B, C Bacillus Yes Yes NA, NA NA, Yes Yes, Yes 
16 ISGAQAEVAILTDVK 15 C Bacillus Yes Yes NA Yes NT 
17 YNNLLQNVK 9 A, B, C Bacillus Yes Yes NA, NA, NA NA, NA, Yes NT, NT, NT 




























 Chapter 7 
GENERAL DISCUSSION AND PERSPECTIVES 
1. Positioning of the doctoral thesis 
B. cereus is abundant in the soil (Vissers et al., 2007), which is probably the primary 
source of food contamination (Heyndrickx 2011). Foodstuff from all food categories (Wijnands 
et al., 2006a, Heyndrickx 2011) can be contaminated with relatively low levels of B. cereus 
(Choma et al., 2000, Fangio et al., 2010, EFSA-BIOHAZ 2016). Under certain conditions (e.g. 
absence of competitive food microbiota, temperature abuse during storage, inappropriate food 
handling and preparation, type of food and strain), B. cereus can germinate and/or grow during 
storage and food preparation. The presence of B. cereus in foods may generate concerns 
regarding food quality and safety (Heyndrickx & Scheldeman 2002). Food safety is of utmost 
importance for the authorities, due to the impact on public health and the cost of 
epidemiological studies and medical care (Bennett et al., 2013). B. cereus is an important source 
of foodborne outbreaks caused by the production of different toxins (FAVV-AFSCA 2015, 
ECDC 2016). B. cereus can provoke two distinct types of food poisoning, the emetic and the 
diarrheal disease. This dissertation focused on the diarrheal disease.  
Although, B. cereus-induced diarrhea is a toxico-infection, the exact mechanism is still 
not fully understood. In this respect, we evaluated the role of adhesion of B. cereus in 
pathogenesis (Part I). The infectious dose depends on the behavior of B. cereus in the 
gastrointestinal tract, as well as the type and the amount of enterotoxins produced. However, 
direct methods used to determine enterotoxin production (immunoassays) or toxicity (cell lines) 
lack specificity and are thus not reliable. Therefore, we propose mass spectrometry (MS)-based 
tools for detection and quantification of potential enterotoxins (Nhe and CytK) produced by 















2. Research outcomes 
In the first part of this doctoral thesis, we focus on the mechanism of diarrheal food 
poisoning.  
The first prerequisite for the diarrheal disease is the survival of ingested B. cereus in 
the upper gastrointestinal tract. We have shown that: 
 Overall, vegetative cells of B. cereus survived the exposure to pH ≥4 for a total of 1 h 
during in vitro simulation of stomach conditions (chapter 4). 
 Rapid inactivation of B. cereus (2.5 log) was observed during short exposure (30 min) 
to pH 3.0 (chapter 4). 
 Approximate 4.7 log CFU/mL were detected at the end of the simulated gastric 
incubation (chapter 4), representing 0.1% of the initial B. cereus population.  
 B. cereus was not inactivated by bile and pancreatin used to simulate the host secretions 
in the duodenum. The total counts (plating) remained stable after 2 h of incubation, 
representing the retention time in the duodenum and jejunum (chapter 4).  
Although B. cereus is affected by the hurdles encountered in the upper gastrointestinal 
tract (stomach, duodenum and jejunum), it appears that it is not completely eliminated from the 
simulated small intestine under the conditions tested. These results are consistent with previous 
studies (Wijnands et al., 2006b, Ceuppens et al., 2012e). Nevertheless, various factors related 
to the host, the food and the strain specificities may shape the behavior of B. cereus during 
gastrointestinal transit (Jobin et al., 2002, Clavel et al., 2004, Wijnands et al., 2009, Ceuppens 
et al., 2012c, Ceuppens et al., 2012d). 
The second prerequisite for diarrheal food poisoning is that the surviving cells are able 
to grow in the small intestine.  
 The concentration of suspended bacteria in contact with mucin agar increased after 
simulated intestinal emptying, representing discharge of luminal bacteria during food 
transit (chapter 4). 
 A significant increase (ca. 2.3 log) of suspended B. cereus was observed after 4 h of 
growth in the simulated ileal lumen both in the presence and absence of simulated 
mucus, but in the absence of intestinal microbiota (chapter 4). 
 The presence of competitive microbiota did not have an adverse effect on the 
concentration of suspended B. cereus (the concentration remained stable, but the cells 
were metabolically active) during short incubations in contact with simulated mucus 
(chapter 3). 













From these findings, we conclude that suspended B. cereus are able to proliferate in the 
ileum after in vitro exposure to gastrointestinal hurdles in the absence of intestinal microbiota. 
The presence of simulated mucus did not alter this behavior. Wijnands et al., (2006b) also 
demonstrated the ability of B. cereus to (germinate and) grow during simulated intestinal transit, 
but the effect of the mucus layer on the growth was not investigated. Nevertheless, Ceuppens 
et al., (2012e) demonstrated that the responses of B. cereus in simulated intestinal media are 
influenced by the relative ratio of B. cereus and competitive microbiota. We observed that 
suspended B. cereus were not affected by intestinal bacteria. Nevertheless, it is not clear if the 
presence of mucin or the low concentration of competitive microbiota compared to B. cereus 
used are responsible for this result. 
The third prerequisite for B. cereus-induced diarrhea is the de novo production of 
enterotoxins in the small intestine. 
 Nhe was not detected during or at the end of simulated gastrointestinal transit, when the 
growing suspended B. cereus reached 6.6 log CFU/mL, (chapter 4) or in the presence 
of mucin agar under all conditions tested without bile and pancreatin (chapter 3). 
 Nhe was produced during overnight growth of B. cereus NVH 0500/00 in buffered BHI. 
Addition of intestinal components enhanced Nhe degradation in culture supernatants 
(chapter 4).  
 Degradation of Nhe by host secretions was delayed in the presence of simulated mucus 
(chapter 4). 
Nhe was the only enterotoxin encoded by B. cereus NVH 0500/00, thus under the 
conditions tested, this strain could not induce diarrhea. Based on the lack of Nhe detection, we 
infer that enterotoxin was not produced, it was below the detection limit of the immunological 
assay (6 ng/mL) or it was degraded by intestinal proteases. 
Although production of enterotoxins is necessary for food poisoning, very few studies 
have evaluated the presence of potential enterotoxins during intestinal incubations. In most 
cases, detection of enterotoxins (Nhe and Hbl) was also not possible (Ceuppens et al., 2012a, 
Ceuppens et al., 2012b). Clavel et al., (2007) showed for the first time that production of Hbl 
was possible in the presence of bile. Nevertheless, it was not clear if the presence of high 
concentration of bile affected the production of Hbl directly, because bile prevented bacterial 
proliferation. The effect depended on the bile concentration and the food type. It is known that 
production of presumptive enterotoxins from B. cereus requires high cell densities, because 














been suggested that a bacterial concentration between 5* 106-107 CFU/mL is required for 
detection of Hbl and Nhe (Pielaat et al., 2006). In chapter 3 and 4, the concentrations of B. 
cereus obtained at the end of the incubations were below or right at this threshold. Nevertheless, 
the exact population density at which enterotoxin production is initiated would probably depend 
on the environment, the type of toxin and the strain under study, because additional regulatory 
systems may be in play (Ceuppens et al., 2011). For example, atmospheric oxygen down-
regulates nhe (and hbl) gene expression (van der Voort & Abee 2009), although it enhances the 
growth rate of B. cereus (Spira & Silverman 1979, Rosenfeld et al., 2005, Mols et al., 2009). 
In chapter 4, survival and production of enterotoxin in the simulated gastrointestinal tract was 
evaluated under atmospheric conditions, which may also explain the lack of Nhe. Nevertheless, 
the presence of cysteine and glucose in the growth medium, which act as reducing agents, may 
affect the redox potential. Expression of nhe (and especially hbl) is enhanced at low redox 
potential (under anaerobic conditions) (Zigha et al., 2006).  
We have shown that Nhe is unstable in the presence of host proteases, which is in 
agreement with the documented susceptibility of potential enterotoxins, such as Hbl and Nhe, 
to proteases (Turnbull et al., 1979, Shinagawa et al., 1991b, Wijnands et al., 2005, Ceuppens 
et al., 2012a). A slower enterotoxin degradation was observed compared to previous reports 
(Wijnands et al., 2005, Ceuppens et al., 2012a) possibly due to differences in the intestinal 
media and the initial enterotoxin concentration. Nevertheless, we suggest that the presence of 
mucus may protect Nhe from extensive degradation by host proteases:  
 Nhe can be detected in the mucin agar layer after incubation with a suspension positive 
to this enterotoxin (chapter 4). 
 The mucin agar supplies the intestinal water with Nhe (chapter 4, mucin PPBS+ and IW 
PPBS+). 
 Degradation of Nhe in intestinal water is delayed in the presence of mucin (chapter 4, 
SUP+ versus IW SUP+). 
This is the first evidence suggesting an indirect role of simulated mucus in pathogenesis 
of B. cereus. Evidently, the model used in ch apter 4 allows exchange of Nhe between the 
simulated mucus and lumen, but it does not incorporate a third important layer required for 
pathogenesis, the intestinal epithelium. In this case, the mucus layer would be the central 
component of the system, thus Nhe residing in the mucin agar could be directed towards the 
epithelium instead of (or in addition to) the lumen. This possibility needs to be further 
investigated. 













Adhesion of B. cereus to intestinal surface has been previously proposed as the fourth 
parameter that might be important for pathogenesis associated to diarrhea:  
- The incubation time for diarrheal illnesses (8 to 16 h and occasionally up to 24 h) is 
overall longer than the time required for transit through the upper gastrointestinal tract 
(less than 10 h). This means that B. cereus is not washed out during emptying of the 
small intestinal luminal contents, but it persists in the gut (Wijnands et al., 2005). 
- Spore germination and enterotoxin production (Nhe) are stimulated by components 
secreted by intestinal-like epithelial cells (Wijnands et al., 2007, Jessberger et al., 2017). 
Close proximity of B. cereus to the enterocytes would enhance the efficiency of these 
secreted components, which would be otherwise diluted and potentially degraded by the 
luminal contents.  
- Adhered bacteria are protected from adverse environmental factors (Garrett et al., 
2008), such as those encountered in the small intestine. 
- Extensive dilution and degradation of enterotoxin would be prevented or reduced if 
secretion occurred in the proximity of the epithelium (Andersson et al., 1998). 
- It has been shown that B. cereus can adhere to intestinal-like epithelial cells (Andersson 
et al., 1998, Wijnands et al., 2005, Ramarao & Lereclus 2006).  
All these findings support the idea that adhesion may enhance the virulence of B. cereus. 
Nevertheless, adhesion to the mucus layer, which physically separates the bacteria from the 
intestinal epithelium, has not been studied. Therefore, this dissertation focused on in vitro 
adhesion to the mucus layer. We demonstrated that: 
 Pathogenic strains had different capacities for adhesion to mucin agar (chapter 3). 
 Stationary phase cells adhered only slightly, but significantly, better (Δlog= 0.3 log) to 
mucin agar than exponential phase cells (chapter 3). 
 The presence of competitive intestinal microbiota did not alter the adhesion of B. cereus 
to simulated mucus (chapter 3). 
 Environmental factors encountered in the gastrointestinal tract had limited impact (if 
any) on mucin adherence of B. cereus (chapter 3).  
 Simulation of intestinal emptying that occurs during food passage showed that B. cereus 
can ‘switch’ from suspended to adhered state and vice versa. Adhered bacteria could 
recolonize the (sterile) lumen, achieving a higher cell density of both adhered and 














We evaluated the ability of B. cereus to attach in vitro to mucin with a rapid, simple and 
straightforward method described by Van den Abbeele et al., (2009). However, the chemical 
extraction method used by the authors was not compatible with plating, because chemical 
treatment resulted in a ‘viable but nonculturable’ state of the bacteria (chapter 2). Therefore the 
protocol was modified to accurately evaluate bacterial attachment (chapter 2). Based on this 
modified approach, we showed that adhesion of pathogenic B. cereus to mucin is strain-
dependent. This was also demonstrated previously for (potentially) probiotic strain by Sanchez 
et al., (2009). Additionally, environmental and bacterial factors did not appear to have a 
pronounced effect on adhesion of B. cereus NVH 0500/00. Interestingly, we observed that: 
 Suspended B. cereus were able to grow rapidly in simulated lumen (90 min) in contact 
with simulated mucus (chapter 3). 
This suggests that mucin can be used as a growth substrate for B. cereus, which has 
probably masked the effect of biotic and biotic factors on adhesion. Therefore, further 
adjustments in the current experimental setup may be required (section 3 of this chapter). 
The mucosal Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME) has 
been previously developed to investigate the in vitro adhesion of intestinal bacteria to the colon 
(Van den Abbeele et al., 2012). Inspired from this setup, we have used the mucin microcosms 
described by Van den Abbeele et al., (2012) to determine the in vitro attachment of B. cereus 
to the small intestine. This setup is more complex than the mucin adhesion assay. It incorporates 
physico-chemical stresses imposed by the host and a representative retention time to in vivo 
ileal conditions (4 hours instead of 90 min). We observed that: 
 The concentration of adhered cells increased in time and approximately 6.5% of the 
ileal B. cereus NVH 0500/00 were adhered to mucin microcosms at the end of 
incubation (chapter 4). 
This adhesion percentage was in the same range with that observed using the mucin 
adhesion assay (chapter 3 and 4, results not shown). The efficiency of adhesion determined in 
this dissertation was much higher than that estimated from the results presented by Sanchez et 
al., (2009), i.e. 0.1% for vegetative cells and 0.2% for spores. Although inoculated bacteria 
were used for the calculation of adhesion potential instead of luminal bacteria, further 
proliferation of the inoculum (if possible in the given setup) would result in lower adhesion 
potential. Differences in the experimental setups may explain variations in the results. For 
example, the detachment of adherent cells from the immobilized mucin in the study of Sanchez 
et al., (2009) was performed by using 0.5% Triton X-100 (Tallon et al., 2007). However, we 













have shown that this detergent may affect the survival (at least of vegetative cells) of B. cereus 
strains (determined by plating) (chapter 2). Furthermore, gastric mucin type II (Sigma) 
solidified with agar was used in this thesis, while Sanchez et al., (2009) used immobilized 
gastric mucin type III (Sigma), a semi-purifed form of mucin type II. According to Bansil & 
Turner (2006), commercial mucin (monomeric form) is easier to orient than the native mucin 
from porcine stomach (multimeric form). It is possible that the presence of agar, the purification 
of mucin and/or the immobilization to plates affect the orierientation or other mucin properties 
that might influence adhesion. 
Overall, we showed that the mucus layer may have multiple functions in B. cereus 
pathogenesis: i) it is a niche for B. cereus adhesion. It is possible that the limited adhesion 
observed for some strains (compared to that observed for B. cereus NVH 0500/00) may be 
sufficient to allow them to persist in the small intestine; ii) it is used as a growth substrate by 
B. cereus. Degradation of mucin may not only play a role in bacterial proliferation, but might 
compromise the structure of the mucus layer and allow access to the intestinal epithelium; iii) 
it increases the retention time of bacteria after luminal emptying (iv) it may slow down the 
degradation of enterotoxins by host digestive secretions. Based on these observations and 
findings from the literature, we propose the toxico-infection model for B. cereus-induced 















Figure 7-1. Hypothetical model for Bacillus cereus toxico-infection (courtesy of Tim Lacoere).  
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(I) Food contaminated with B. cereus: Under certain conditions (e.g. temperature abuse), B. cereus 
may germinate and/or grow during storage and food preparation. In this scenario, we assume that 
there are preformed enterotoxins. (II) Effect of saliva: B. cereus spores and vegetative cells survive 
oral transit. We assume that pepsin results in (at least partial) inactivation of enterotoxins. (III) Effect 
of gastric juice: Most spores survive gastric transit. Vegetative cells are sensitive to low pH (this 
dissertation), but up to 30% survival may be expected in elderly people or in people with achlorhydria, 
i.e. relatively high stomach pH. Enterotoxins are labile to pepsin and low pH, but they may not be 
completely inactivated at higher gastric pH. (IV) Effect of bile and pancreatic juice: Spores are not 
affected by bile, but germination is inhibited at high concentrations. The response of vegetative cells 
depends on the concentration of bile, the pH and the food type. For simplicity, the sensitivity of 
vegetative cells to host secretion in the duodenum is represented by the low number of cells compared 
to spores. When outgrowth of germinated spores or vegetative cells is possible, a lag period is observed 
(this dissertation), which may be long enough to allow transit in the upper small intestine. Therefore, 
we do not represent bacterial growth in ‘Duodenum/Jejunum’. Enterotoxins are inactivated in 
intestinal media. (V) Ileum: (a) Spores and vegetative cells adhere to mucus (this dissertation). In the 
presented scenario, we assume that the presence of intestinal microbiota (transparent shapes) does 
not affect adhesion (this dissertation), and it does not allow outgrowth of B. cereus. Nevertheless, the 
effect of intestinal microbiota on the behavior of B. cereus in the small intestine depends on their 
relative ratio. Mucus-associated bacteria other than B. cereus are not represented in this graph to 
simplify the figure. (b) Spore germination is promoted by compounds secreted by the epithelial cells. 
(c) Vegetative cells use mucin as a growth substrate (this dissertation). Furthermore, B. cereus can 
‘switch’ from suspended to adhered state and vice versa, allowing B. cereus to persist in the small 
intestine (this dissertation). (d) Vegetative cells may produce enterotoxins in the proximity of the 
intestinal epithelium. Enterotoxin production is stimulated by components secreted by the 
enterocytes. The mucus layer protects or delays degradation of enterotoxins by host secretion (this 
dissertation). (e) Enterotoxins disrupt the integrity of the intestinal epithelium by forming pores on 
enterocytes. The model was based on findings from in vitro studies presented in Chapter 1 and this 
dissertation. 
 
In the second part of this doctoral thesis, we focus on the methods for detection and 
quantification of enterotoxins. 
In the first step, we used MALDI-TOF/MS based on tryptic peptides to detect 
enterotoxins in pure cultures of four pathogenic strains of the B. cereus group (chapter 5). We 
showed that: 
 CytK1, NheA and occasionally NheB were successfully detected. 
 Two of the detected peptides (TNLIDQTNK and VTFIDDPSADK) were matched to 
both variants of CytK. 
 Very heterogeneous NheA sequences could be detected.  
 Only five NheA sequences were common among strains, but only three were 
consistently detected with MS (EWIDEYNPK, QKELLPLIQK and LIDLNQEMMR). 
We conclude that MALDI-TOF/MS is a useful tool for the screening of B. cereus 














TOF/MS (Gohar et al., 2002, Gohar et al., 2005, Gilois et al., 2007). In these studies, detection 
of enterotoxins (Nhe, Hbl and CytK2) was performed during investigation of the secretome of 
the type strain of B. cereus. Because we intended to specifically detect enterotoxins, we 
proposed peptide biomarkers that can be used for screening of different B. cereus strains for the 
presence of CytK1 and NheA. Although specific and conserved peptide sequences could be 
used as universal biomarkers, incomplete digestion efficiency and presence of amino acids 
susceptible to modification do not always allow this choice. Therefore, we suggest that multiple 
specific peptides of a given enterotoxin (component) should be simultaneously present in 
a sample to accept a positive match. 
Immunological assays are the only viable alternative method for enterotoxin detection. 
However, there are no commercial assays for detection of any variant of CytK. Furthermore, 
Duopath fails to detect the heterogeneous NheA sequence of B. cytotoxicus, due to the use of 
monoclonal antibodies (chapter 6). In case of polyclonal antibodies, such as in BDE VIA, the 
specificity cannot be guaranteed (Beecher & Wong 1994b, Lund & Granum 1996). The 
advantage of MALDI-TOF/MS compared to immunoassays is that we can target enterotoxins 
specifically and the detection is not affected by sequence variations.  
Despite the success of our experimental approach, the protocol used is rather labor- and 
time-intensive, due to steps including protein precipitation, dialysis etc. Furthermore, gel-based 
approaches are currently challenged by the limited reproducibility, the representation of low 
abundant proteins (chapter 5), incomplete denaturation (chapter 5) and co-migration of different 
proteins of similar molecular weight which does not allow comparative quantification based on 
band intensity (Abdallah et al., 2012). When absolute quantification of proteins is required, gel-
free approaches are recommended.  
Subsequently, we used LC-MS/MS based on MRM with stable isotope labeled-
peptides as internal standards to detect and quantify enterotoxin peptides from four pathogenic 
strains of the B. cereus group (chapter 6).   
 We proposed a gel-free strategy combined with a simple protein precipitation step for 
quantification of enterotoxin peptides. 
 We recommended unique enterotoxin peptides without residues susceptible to oxidation 
(methionine and tryprophan) that have moderate hydrophobicity and a length of 7 to 25 
aa residues as potential biomarkers for quantitative MS. Seven of them were evaluated 
in chapter 6.  













 Using these biomarkers, peptides from all three Nhe components and CytK were 
successfully identified and quantified. 
 A specific expression pattern with NheA>NheB>NheC was demonstrated. 
 A combination of a CytK- and a CytK1- specific peptide was used to differentiate 
among CytK1 and CytK2.  
To summarize, we provide a proof-of-concept study based on MRM to selectively and 
specifically quantify enterotoxin peptides of B. cereus. The success of our method is attributed 
to various factors. Firstly, the ability to detect all Nhe components is important, because the 
presence of all three is a prerequisite for maximal cytotoxicity (Lindbäck et al., 2004). 
Secondly, the determination of the NheC is of particular importance, because of its low 
abundance compared to the other Nhe components (Granum et al., 1999, Heilkenbrinker et al., 
2013). Therefore, NheC was not detected in previous studies, including those employing MS 
(Granum et al., 1999, Gohar et al., 2002, Gilois et al., 2007, Vörös et al., 2014). To our 
knowledge only one previous report of NheC detection is available (Clair et al., 2010). In this 
thesis, detection of NheC could possibly be attributed to the multiple stages of separation: at 
the protein level using SDS-PAGE and at the peptide level using LC in combination with a high 
resolution LTQ Orbitrap. We developed a simple gel-free approach that allowed both detection 
and quantification of enterotoxin components, including NheC. Thirdly, we could distinguish 
the NheB component of B. cytotoxicus NVH 0391/98. This strain possesses a heterogeneous 
Nhe sequence that results in false-negative responses in commercial immunoassays 
(Guinebretière et al., 2002, Krause et al., 2010). Fourthly, our choice of biomarkers allowed 
differentiation and peptide quantification of the CytK variants. This is of great importance 
considering that five times more CytK2 is required to cause similar cytotoxicity to CytK1 
(Fagerlund et al., 2004). Therefore, both the type of toxin and the quantity produced should be 
evaluated for food safety risk assessment. 
3. Future perspectives for methodological optimizations to determine the 
role of adhesion in Bacillus cereus pathogenesis 
Because the growth of B. cereus in the presence of mucin agar masked the effect of 
biotic and abiotic factors on adhesion, further adjustments in the current experimental setup are 
suggested. For example, reduction of the mucin concentration may result in a more limited 
proliferation of B. cereus (and thus adhesion), which would allow us to study the effect of 














between 1 and 5% did not influence adhesion of B. cereus (results not shown). Therefore, an 
appropriate mucin concentration for future evaluation with this assay lies below 1% mucin. The 
selected concentration should not only limit the growth of the suspended cells, but also allow a 
significantly higher adhesion than that observed to agar alone (chapter 3). Alternatively, 
immobilized mucin could be used instead of mucin agar to avoid attachment to agar (Sanchez 
et al., 2011). In that case, the role of immobilized mucin on the growth of B. cereus should be 
evaluated. Sanchez et al., (2011) used immobilized mucin to assess adhesion combined with 
Triton X-100 treatment for extraction. Because of the effect of Triton on the cultivability, 
alternative solutions should be considered. For example, methods that do not require bacterial 
extraction (e.g. fluorescence microscopy or spectroscopy), should also be evaluated 
(Vesterlund et al., 2005). It is important to mention that the commercial mucin used in our 
experiments is a crude preparation, hence the exact composition is not known. It is possible that 
it contains small molecules that can potentially support the growth of B. cereus. Therefore, 
purification of mucin is required for further studies. Dialysis has been used to remove small  
molecules from commercial mucin (Flynn et al., 2016). 
Although adhesion in the small intestine was investigated, type II mucin from porcine 
stomach (Sigma) was used. Gastric mucin is often used to simulate the intestinal mucus layer 
(Derrien et al., 2004, Van den Abbeele et al., 2012, Vermeiren et al., 2012, De Weirdt et al., 
2017). However, the composition of mucin varies across the gastrointestinal tract: The main 
secreted mucin in small intestine is MUC2, while MUC5AC and MUC6 is found in the stomach 
(McGuckin et al., 2011). It is possible that the adhesion potential of B. cereus varies with the 
mucin type. Therefore, the adhesion of B. cereus to MUC2 should be evaluated. Because 
intestinal mucin is not commercially available, it should be extracted from the small intestine 
(Carlstedt et al., 1995, Jin et al., 2000). 
According to Sanchez et al., (2009), spores of different B. cereus strains (mainly from 
probiotic preparations) adhered better to immobilized mucin than vegetative cells. Therefore, 
adhesion of spores from the pathogenic B. cereus strains should also be evaluated and compared 
to that of the corresponding vegetative cells. Wijnands et al., (2006b) demonstrated that 
mesophilic strains of B. cereus respond better than psychrotrophic strains during 
gastrointestinal simulations in respect to germination and growth. Whether this ‘good behavior’ 
also corresponds to a better adhesion of mesophilic strains to mucin needs to be investigated. 
Another study showed that B. cereus strains involved in food poisoning adhered better to 
epithelial cells than non-pathogenic (no history of involvement in food poisoning) strains 













(Kamar et al., 2013). Furthermore, a good correlation between adhesion and cytotoxicity was 
observed. Similar experiments should be performed using mucin as adhesion substrate.  
Although the purpose of this dissertation was to determine the interaction of bacteria 
with simulated mucus, the presence of enterocytes is essential to represent in vivo conditions. 
Furthermore, epithelial cells play an important role in spore germination (Wijnands et al., 2007) 
and enterotoxin production (Jessberger et al., 2017). Our setup, which was used to investigate 
stability of Nhe in intestinal media (chapter 4), would greatly benefit from the presence of 
epithelial-like cells. Differentiated Caco-2 cells resemble small intestinal cells (Sambuy et al., 
2005). However, as this type of cells does not produce mucus, mucin agar should be 
incorporated in the design as well. The proposed setup is based on the oral mucosa model 
described by De Ryck et al., (2014). Briefly, culture preparations are placed on top of the mucin 
agar, which is solidified on a porous membrane (0.4 µm) of a Corning Transwell® plate. This 
apical compartment is placed in the basal compartment that contains the monolayer of epithelial 
cells, which for the purpose of our study would be fully differentiated Caco-2 cells (Figure 7-2). 
 
 
Figure 7-2. Schematic representation of the mucosa model adjusted from De Ryck et al., (2014). 
Simple in vitro models are preferred in mechanistic studies. This is not surprising 
considering that simple setups allow more parameter control and thus easier interpretation of 
the observed phenomena. In vitro models offer a better understanding of the main properties of 
the system under study and the factors affecting them. Nevertheless, when the basic properties 
are investigated, models that are more representative of the in vivo environment are required, 
such as the Host Microbiota Interaction (HMI™) module (Marzorati et al., 2014). The layers 
of the HMI module are very similar to those of the mucosa model described in Figure 7-2. The 
HMI system also consists of two compartments representing the luminal site of the 
gastrointestinal tract and the enterocytes of the host. The compartments are divided by a double-
layer composed of an upper mucus layer and a lower semi-permeable membrane (0.2 µm) as 














well as exchange of metabolites (e.g. secreted epithelial cells components that enhance spore 
germination and enterotoxin production) and transfer of enterotoxins to the basal compartment. 
Assuming that the latter occurs, inflammatory responses and cell membrane damage can also 
be investigated. Additionally, long-term incubations (up to 2 days) of B. cereus in the presence 
of complex microbial communities can be performed, because the epithelial cells are protected 
from direct exposure to the abundance of microbes. With the exception of this dissertation, the 
role of intestinal microbiota on adhesion of B. cereus to mucus has not been investigated. In 
this context, inhibition of B. cereus adhesion to mucus in the presence of intestinal microbes or 
displacement of adhered microbiota in the presence of B. cereus can be studied. Finally, the 
involvement of simulated mucin in the potential protection of B. cereus against intestinal 
microbiota can be studied using the appropriate controls (presence/absence of mucin layer). 
Unlike the Transwell plate format, the HMI module is a dynamic model. Due to its 
unique design, it allows flow of different liquids in the two compartments, i.e. anaerobic 
bacterial suspension in the upper compartment and aerobic cell medium in the lower 
compartment. Because of this, the HMI module could be used to study the effect of shear stress 
encountered in the intestinal epithelium during peristalsis and oxygen availability on the 
adhesion of B. cereus. Microaerophilic conditions and medium shear stress (ca. 5 dynes/cm2) 
are characteristic of the distal ileum. 
 
 
Figure 7-3. Schematic representation of the HMI™ model presented in Marzorati et al., (2014). 
 













HT29-MTX can differentiate into goblet-like cells that produce intestinal mucins 
(Gagnon et al., 2013). Therefore, HT29-MTX cells can be used to represent the mucin layer of 
the intestinal epithelium, instead of the commercial mucin preparation that contains 
glycoproteins from porcine stomach and different impurities. In addition to the absorptive and 
mucus-secreting cells, immune cells can be incorporated to investigate inflammatory responses 
and the interaction of B. cereus with immune molecules. Such studies are scarce (Ramarao & 
Lereclus 2005). 
However, adhesion is only one piece of the complex mechanism of B. cereus-induced 
diarrhea. The gastrointestinal behavior of B. cereus is key in determining the potential of 
pathogenesis. Therefore, the use of dynamic gastrointestinal models that comprise important in 
vivo physicochemical phenomena is recommended. The TNO gastro-intestinal model-1 (TIM-
1) is a multi-compartmental reactor that represents the stomach, duodenum, jejunum and ileum 
(Figure 7-4) by simulating physiological parameters, such as gradual pH changes over time 
(e.g. in stomach), peristaltic mixing, fractional meal emptying and representative meal transit 
time, realistic secretion and composition of digestive fluids and removal of water and digested 
compounds (Minekus 2015). The settings are computer-controlled and can be chosen to 
represent different species, age, pathology and meal-related parameters during fasted or fed 
conditions. The model has been extensively used to study the survival of probiotics and 
foodborne pathogens (Blanquet-Diot et al., 2012, Arroyo-López et al., 2014, Miszczycha et al., 
2014, Cordonnier et al., 2015, Roussel et al., 2016, Uriot et al., 2016) and the bio-accessibility 
of macro-nutrients and other compounds (Mateo Anson et al., 2010, Dickinson et al., 2012, 
Barker et al., 2014). Interestingly, survival and germination of Bacillus probiotics have also 
been determined using TIM-1 (Maathuis et al., 2010, Hatanaka et al., 2012). All the above 
suggest that this model is well-suited to investigate survival and pathogenesis of B. cereus 
associated with the diarrheal disease. 
Even though gastrointestinal models continuously improve to better mimic the human 
physiology and processes, they are still an approximation (often a very good one) of in vivo 
environments. Although in vivo studies are subjected to ethical constraints, they may be 
necessary to validate in vitro results. Furthermore, they can fill in the knowledge gaps of B. 
cereus pathogenesis and provide answers to the very important question: What has to happen 
to induce diarrhea? From the in vivo data available, only a few studies with rodents demonstrate 
adverse symptoms or even animal death due to B. cereus (Czernomysy-Furowicz et al., 2000, 
Momoh et al., 2012). However, rodents are not considered as a suitable model to represent 














However, until a representative toxico-infection in vivo model is found, in vitro studies and 




Figure 7-4. The TIM-1 model representing the stomach (a), duodenum (b), jejunum (c) and ileum 
(d). The meal enters at the stomach port (e). Bio-accessible nutrients are “absorbed” by passing the 
jejunum and ileum filters (f and g) and collected in dialysate reservoirs to prevent buildup of 
metabolites. Acid and bicarbonate control the pH, while digestive fluids are secreted continually in 
the small-intestine (h). Finally, the ileal efflux (i) is collected and analyzed, representing the ileo-
caecal valve where residual meal non absorbed contents would enter the colon. The figure is obtained 
by Schnorr et al., (2015). 
4. Future perspectives for optimization and development of MS-based 
determination of Bacillus cereus enterotoxins 
Ideally, the MS methods described in this dissertation should be used in complement 
with each other. MALDI-TOF analysis of tryptic digests can be used for the first screening of 
enterotoxin production in unknown isolates prior to quantification of specific peptides using 
MRM.  
The use of MALDI-TOF/MS prior to quantification is recommended, because detection 
is not restricted by sequence variations commonly occurring in enterotoxins. However, 
identification of the detected peptides depends on the availability of the protein sequence in 
public databases. For example, the Nhe sequence of B. cereus NVH 0500/00 has not been 
deposited in NCBI. Nevertheless, identification of Nhe was still possible, because the peptides 













detected by MALDI-TOF/MS were found in Nhe enterotoxins from other B. cereus strains in 
the NCBI database. Due to the large diversity of Nhe peptides (conserved or not) that could be 
identified using MALDI-TOF/MS (chapter 5), false-negatives are not expected. Nevertheless, 
we propose that enterotoxins with especially variable sequences should be deposited in the 
public databases to guarantee successful enterotoxin identification in unknown samples.  
Although MALDI-TOF/MS is a high-throughput method (analysis of 384 samples in 3-
4 h), the proposed sample preparation is rather labor- and time intensive and restricts the 
number of strains that can be simultaneously prepared. On the other hand, a much more efficient 
sample preparation was used for the quantification of enterotoxin peptides with LC-MS/MS. 
Therefore, we recommend to evaluate the sample preparation used for LC-MS/MS analysis 
with the MALDI-TOF/MS approach to achieve rapid screening of multiple samples. Prior to 
that, two steps in the sample preparation employed for LC-MS/MS should be optimized further: 
the precipitation and the digestion. Both steps were performed overnight to guarantee sufficient 
precipitation and digestion. Usually, a 30-min TCA precipitation is proposed (Koontz 2014), 
but overnight trypsin digestion is a common strategy. However, Norrgran et al., (2009) 
suggested that optimal digestion efficiency of two unrelated proteins (a viral hemagglutinin and 
a plant toxin, ricin) was obtained during a 2-h incubation with a combination of RapiGest SF 
surfactant (Waters) and an excess amount of modified trypsin (without using reduction or 
alkylation reagents). Based on these observations, our protocol could be considerably 
shortened, but we suggest that a modification in the incubation times should be experimentally 
determined by assessing the concentration of the peptide biomarkers at different points of 
precipitation and digestion.  
We have evaluated seven peptide biomarkers for MRM analysis of CytK and Nhe. 
However, some peptides did not perform equally well compared to others, e.g. 
ANPTLSDAPVDGYPIPGASVTLR and YNNLLQNVK (chapter 6). We therefore proposed 
forty eight additional peptide biomarkers for CytK and Nhe (chapter 6) that can be 
experimentally assessed using MRM analysis. Interestingly, approximate half of the Nhe 
peptide biomarkers are specific for the rare variant produced by B. cytotoxicus NVH 0391/98. 
These peptides may appear redundant, because they cannot be commonly encountered among 
B. cereus strains. However, ignoring very specific peptides may result to false-negatives, 
especially when conserved peptides do not perform well in LC-MS/MS. For example, only 
three out of the total 55 proposed enterotoxin peptide biomarkers (ELLPLIQK (NheA), 
ELDNAQAEIQK (NheB) and YNNLLQNVK (NheC)) are common among all tested strains 














cytotoxicus. If this peptide was not studied, false-negative results for Nhe would be obtained 
for B. cytotoxicus NVH 0391/98, because we did not include unique sequences for this strain 
(the strain was used as negative control).  
The heavy peptides used as an internal standard for quantification were purchased as 
crude preparations (purity >95%), because synthesis of pure peptides would increase the cost 
of the analysis, which is unnecessary during method development. This suggests that the 
determined LOQ values are overestimated (chapter 6). For accurate determination of the 
detection and quantification limits and during validation, high purity AQUA peptide standards 
are required (e.g. HeavyPeptideTM AQUA Ultimate standards from ThermoFisher Scientific). 
As an alternative to the Absolute Quantitation peptide strategy (AQUA peptides), a 
Protein Standard Absolute Quantification (PSAQTM) strategy could be used for quantification 
of enterotoxins (Brun et al., 2007). This approach is based on in vitro synthesis of stable 
isotope-labeled (full-length) proteins as standards for quantification instead of peptides. PSAQ 
standards have the same chemical properties as the corresponding non-labelled proteins present 
in the sample (endogenous or light protein), therefore they behave identically during sample 
preparation. Because of this, PSAQ standards can be added in the sample prior to any treatment 
and account for any protein losses during preparation or for incomplete digestion that can affect 
quantitation. A major advantage of the PSAQ strategy is that it offers a high protein sequence 
coverage, which increases the reliability of the analysis. In this respect, the MS performance of 
all the proposed peptide biomarkers (chapter 6) can be easily assessed. 
Figure 7-5 shows graphically the steps during quantification of proteins using the PSAQ 
and AQUA strategy. 
 














Figure 7-5. Illustration of the basic steps during quantification of proteins using the the PSAQ and 
AQUA strategy. This figure is partially adjusted from Al Feteisi et al., (2015). 
At this moment, it is still not easy to pinpoint a single most important enterotoxin in 
respect to its involvement in food poisoning. Therefore, in addition to Nhe and CytK1, Hbl 
peptides should be also selected and evaluated with MS.  
Commercial immunological assays have developed protocols for detection of 
enterotoxins preformed in foods or produced in laboratory media during growth of B. cereus 
isolates. Because preformed enterotoxins in foods are not involved in B. cereus-induced 
diarrhea (Ceuppens et al., 2012a), the alternative matrix was used for the development of the 
MS methods. Because enterotoxins are formed in the small intestine, intestinal media (i.e. 
media with bile and pancreatin) should be evaluated for potential matrix effects in MS. This 
way, enterotoxin production and stability can be assessed quantitatively during gastrointestinal 
simulations.  
Immunological assays and MS methods (from this dissertation) should be compared 
with respect to their sensitivity, because both approaches are used for detection of enterotoxin 
components. However, BDE VIA and BCET RPLA are based on polyclonal antibodies that 
may cross-react with other proteins of the culture supernatant. This could lead to a false-positive 
signal that could be interpreted as ‘higher sensitivity’ even in the absence of the targeted 
enterotoxin. To avoid this, purified enterotoxin components should be used to accurately 
determine the sensitivity of the two methods. Furthermore, purified enterotoxins can be used to 














This is important in order to clarify which enterotoxin poses a more severe threat for food 
safety.  
Previous efforts to purify Nhe were challenged by the instability of the protein (data not 
shown). Alternatively, expression of recombinant enterotoxin in a bacterial host (Lindbäck et 
al., 2004) or cell-free approaches could be explored. Cell-free approaches appear to be fast 
(hours) and relative simple. Evidently, protein synthesis does not require living cells, which 
may allow the production of very toxic proteins. Proteins are formed in solution using the 
(transcriptional and) translation machinery extracted from bacterial cells. Although protein 
folding in the lack of appropriate chaperones could be problematic, Krinsky et al., (2016) used 
cell free-assays to successfully synthesize Pseudomonas exotoxin A that demonstrated high 
cytotoxicity, which illustrated the potential of this methodology to generate functional toxins 
without living cells. 
5. Application of MS in food safety and critical comparison with 
commercial immunological kits 
Food safety is an area of particular concern for all parties involved from consumers to 
governing bodies. The recognition of a rising number of chemical and biological food 
contaminants and the concerns for public health put pressure on food safety agencies to adapt 
or develop reliable analytical tools for fast detection of unwanted compounds and quantification 
at low levels of contamination. MS is a sensitive and accurate technique that demonstrates high 
specificity and selectivity and can be used for high throughput measurements. Because of these 
properties, it has been employed widely for analysis of pesticides, food contaminants from 
packaging materials, antibiotics and growth promoters, natural toxins etc. (Malik et al., 2010). 
Application of MS for detection of bacteria and bacterial toxins involved in food poisoning has 
also attracted attention (Kalb et al., 2006, Bauer et al., 2010, Andjelkovic et al., 2016). The use 
of MS in bacterial toxin analysis is often restricted by the availability of commercial 
immunological assays (if toxins have antigenic properties), that are generally sensitive, simple 
to execute and relatively inexpensive.  
Three commercial immunoassays exist for detection of the potential enterotoxins 
produced by B. cereus (Krause et al., 2010, Ceuppens et al., 2012a), however none of them can 
be used for CytK. Although the contribution of CytK2 in food poisoning is probably limited 
(Castiaux et al., 2015), CyK1 produced by B. cytotoxicus has been involved in a lethal outbreak 
(Lund et al., 2000) and the species has been considered to pose a high risk for food safety 













(Guinebretière et al., 2010). Until recently, CytK1-encoding strains were considered rare, but 
their prevalence may be higher than previously thought in specific food types, like dehydrated 
products (Contzen et al., 2014). In the lack of commercial immunological kits, the MS methods 
described in this thesis may be an attractive approach for detection and relative quantification 
of CytK1 and discrimination among the CytK variants. 
Among the existing kits, Duopath is the only kit that can detect Nhe and Hbl 
simultaneously, which is the strength of this assay. Because it is based on monoclonal 
antibodies, cross-reactions with other proteins are not expected, but cannot be excluded (e.g. 
proteins that share an epitope). In contrast, BDE VIA (Nhe) and BCET RPLA (Hbl) use 
polyclonal antibodies and are thus likely to give false-positives, due to reaction with 
components in food or other proteins of B. cereus (chapter 1). In this respect, commercial kits 
are a black box. False-positives are probably limited when tandem MS is used for de novo 
peptide sequencing. Unlike BDE VIA and BCET RPLA, simultaneous detection of multiple 
enterotoxins can take place (chapter 6). Although Nhe and CytK1 were only considered in this 
thesis, it has been shown that simultaneous detection of all three presumptive enterotoxins and 
most of their components was possible based on MS (Vörös et al., 2014). This is not possible 
with any of the available commercial kits. 
However, immunological assays for Nhe and Hbl are easy to perform and interpret, do 
not require specific instrumentation and are relatively affordable (ca. 10 to 20 euro per sample). 
Because Duopath can detect both Nhe and Hbl (components) in a single assay, it is very cost-
effective method (14 euro/sample for both enterotoxins). However, this is a qualitative assay 
that cannot account for inter-strain variability in enterotoxin production. Assessment of 
enterotoxin production is important, because it can be used to determine the role of B. cereus 
strains in food poisoning. In this respect, BDE VIA and BCET RPLA are superior to Duopath, 
because comparison of the intensity of the signal can be used to categorize strains into strong 
or weak Nhe or Hbl producers. Nevertheless, the results are subjective (visual observations), 
which may affect the reliability of these tests. To simultaneously assess the presence of Nhe 
and Hbl in a given sample, both kits should be used, which increases the cost to more than 30 
euro per sample (Table 1-7). When pure cultures are considered, sample preparation is minimal 
(only overnight enrichment is required), thus it does not contribute significantly to the cost of 
the immunological methods. This amount is comparable to that of MALDI-TOF/MS (30 euro 
per sample). In this case, sample preparation affects the total cost (ca. 20 euro out of the 30 
euro). Sample preparation in MS is usually very elaborate, labor-intensive and time-consuming, 














are less affordable (60 to 70 euro per sample, including sample preparation and analysis). For 
MRM, the synthesis of high purity internal standards significantly contributes to the cost (e.g. 
the cost of PSAQ protein standards is higher than 1500 euro). Evidently, the cost of LC-MS 
becomes significantly lower, when it is normalized with the amount of toxin components that 
can be detected (ca. 15 euro for each of NheA, NheB, NheC and CytK). Interestingly, MRM-
based detection can be expanded to Hbl tryptic peptides (or other Nhe and CytK variants) by 
performing mainly in silico work. Furthermore, MRM can be used for relative (stable isotope-
labeled peptides) or absolute quantification (stable isotope-labeled proteins) without any 
adjustments of the experimental setup (sample preparation or analysis) presented in chapter 6. 
Despite these advantages, the capital cost remains high (in the range of 350000 euro), which 
makes LC-MS inaccessible to most labs. 
Both MS and immunological assays are considered sensitive. The detection limit of 
immunological assays ranges between 2-6 ng/mL for Nhe and 1-20 ng/ml for Hbl (Table 1-7). 
Ceuppens et al., (2012a) showed that Duopath was ten times more sensitive for Nhe than BDE 
VIA, which is not in agreement with the LOD of each kit presented in Table 1-7 suggesting 
that these values are not always trustworthy. A LOD of 24 ng/mL was estimated for NheC using 
MRM, which is higher than that of immunological kits for Nhe (similar range). For this 
calculation, we assumed that there are no losses during sample preparation, which is probably 
an invalid assumption. This could be avoided if synthetic proteins (PSAQ) instead of peptides 
were used as internal standards (section 4 of this chapter). Until then, determining the sensitivity 
of MS for enterotoxin peptides is challenging. Nevertheless, the most reasonable approach to 
determine which method performs better in respect to enterotoxin detection (MS or 
immunological assays) is to compare them directly.  
Probably the most important challenge for immunological (and PCR) methods is the 
well-documented enterotoxin sequence polymorphism, which may result in false-negative 
results (section 2 of chapter 1). MALDI-TOF/MS-based detection did not appear to be affected 
by polymorphisms on the Nhe sequence (e.g. in B. cytotoxicus strain). However, proper 
identification of detected peptides may be difficult if the polymorphic sequence is not present 
in protein databases. Nevertheless, identification is based on simultaneous detection of multiple 
peptides, thus the chance to obtain false-negatives may be low, but we cannot exclude this 
possibility. In this aspect, whole genome sequences of new isolates (especially if they are 
suspected for enterotoxin polymorphism) should be deposited in public protein databases that 
are used to interrogate MS spectra.  













Evidently, all methods come with their own strengths and weaknesses (section 2 of 
chapter 1), but it appears that they often complement each other. Thus, a ‘polyphasic’ approach 
should be probably adapted to guarantee a successful result. Immunoassays have low cost and 
generate results fast, which is essential for food safety, especially during a food poisoning 
outbreak. On the other hand, MS is specific and can simultaneously detect various enterotoxin 
components, which may compensate for the higher cost of LC-MS. The relative sensitivity and 
the responses in the presence of polymorphic sequence need to be further evaluated for both 
immunological and MS-based methods. Nevertheless, it may be equally important to determine 
the contribution of polymorphic sequences to the functionality of a given enterotoxin. For 
example detection of an enterotoxin that contains a specific polymorphism (e.g. in the pore-
forming region) that renders it non-functional is not necessary, because it does not pose a threat 
for public health.  
6. Conclusions 
The bacterial dose required for B. cereus-induced diarrhea cannot be easily pinpointed, 
because it depends on the survival of bacteria in the upper gastrointestinal tract and the extent 
of enterotoxin production. In the first instance, it is important to understand the behavior of B. 
cereus during gastrointestinal transit. In the latter case, powerful tools for detection and 
quantification of B. cereus enterotoxins are required. This dissertation tackles both of these 
areas.  
Nevertheless, the study of B. cereus is as complex as the microorganism itself. Based 
on in vitro and in vivo data, this author concludes that even for strains with pathogenic potential, 
a specific subset of conditions needs to be encountered to actually cause food poisoning. To 
fully understand the mechanism of B. cereus-induced diarrhea, we still need to connect the 
‘missing’ pieces. However, ‘the point of this book is not to make you feel depressed about what 
we don’t know but to fill you with a sense of excitement about the incredible amount of 
uncharted territory left to explore’.  
Jorge Cham and Daniel Whiteson 






















Bacillus cereus is a spore-forming pathogen commonly found in foods and it is 
associated with two distinct types of food poisoning: the emetic and the diarrheal disease. The 
increase of foodborne outbreaks caused by B. cereus has raised concerns for the risk 
management associated with B. cereus during food production and storage. To this end, 
understanding the mechanism of B. cereus pathogenesis is of utmost importance. This 
dissertation focusses on the diarrheal type of food poisoning.  
The diarrheal disease is caused by de novo enterotoxin production in the small intestine 
of the host after consumption of food contaminated with B. cereus. Therefore, the ability of B. 
cereus to persist in the small intestine and their potential for enterotoxin production are key 
factors in pathogenesis. The first objective of this dissertation is to gain an insight on the 
behavior of B. cereus during gastrointestinal transit. More specifically, the role of B. cereus 
adherence to intestinal mucus is investigated as a potential mechanism for virulence. The 
second objective is to develop efficient and specific mass spectrometry-based methods for 
detection and quantification of B. cereus enterotoxins. The presumptive enterotoxins, Nhe 
(composed of NheA, NheB and NheC) and CytK, are selected as case studies. 
In Part I, we assess the interaction between B. cereus and mucus. We employ an 
optimized in vitro mucin adhesion assay (Chapter 2) to evaluate the effect of biotic (bacterial) 
factors and abiotic factors encountered in the digestive tract on attachment of B. cereus to 
intestinal mucin (Chapter 3). In Chapter 4, a dynamic approach was used to assess the adhesion 
of the food-poisoning B. cereus NVH 0500/00 to mucin microcosms after in vitro exposure to 
various gastrointestinal hurdles. The persistence of mucin-adherent B. cereus was also 
determined after simulated gut emptying using the optimized mucin adhesion assay. Finally, 
the stability of Nhe towards intestinal components (bile and pancreatin) in the presence of 
mucin agar was investigated to assess potentially protective effects of mucin towards the 
enterotoxin. In Part II, we use mass spectrometry to detect and quantify peptides of Nhe and 
CytK enterotoxins produced by different pure cultures of pathogenic B. cereus strains. In 
Chapter 5, MALDI-TOF/MS is employed for the detection of tryptic peptides obtained from in 













in solution digestion is achieved by LC/MS multiple reaction monitoring using heavy-labeled 
proteotypic peptides (enterotoxin biomarkers) as internal standards (Chapter 6). 
In Part I, we showed that the mucus layer may have multiple functions in B. cereus 
pathogenesis. The mucus layer is a niche for B. cereus adhesion and allows bacteria to persist 
in the simulated gut after luminal emptying (Chapter 2-4). Furthermore, mucin may be used as 
a growth substrate by B. cereus, which masks the effect of biotic and abiotic factors (Chapter 
3). Finally, the presence of mucin layer may slow down the degradation of Nhe enterotoxin of 
B. cereus NVH 0500/00 caused by host digestive secretions (Chapter 4). In Part II, we 
demonstrated the production of the CytK1 variant of CytK and the NheA component of Nhe in 
different B. cereus cultures (Chapter 5). Additionally, we introduced biomarkers that can be 
used for mass spectrometric screening of enterotoxin production in food poisoning or 
food/environmental isolates (Chapter 5). In Chapter 6, successful discrimination of all Nhe 
components and CytK variants was achieved with multiple reaction monitoring MS using 
selected proteotypic enterotoxin peptides as internal standards. Based on relative quantification 
of enterotoxin peptides, variations in enterotoxin production among strains were observed. 
Overall, these findings may be of significance for unraveling the role of mucus-specific 
interactions in the pathogenic mechanism of B. cereus-induced diarrhea. Ultimately, mass 
spectrometric methods could serve as a tool for microbial food safety risk assessment to 
circumvent for the lack of specific and reliable tools for enterotoxin analysis and manage the 









Bacillus cereus is een sporenvormende pathogene bacterie die vaak in voeding 
aangetroffen wordt. Deze bacterie kan gelinkt worden aan twee verschillende types 
voedselvergiftiging met ofwel braken of diarree als ziektebeeld. De toename aan de incidentie 
van B. cereus – gebonden voedselvergiftiging heeft aanleiding gegeven tot een toegenomen 
bezorgdheid aangaande risicobeheer van B. cereus tijdens voedselproductie en -opslag. Daarom 
is het van groot belang dat de mechanismen die de pathogeniciteit van B. cereus veroorzaken 
doorgrond worden. In deze doctoraatsthesis wordt de focus gelegd op het diarree-type 
voedselvergiftiging. 
B. cereus veroorzaakt diarree door de novo enterotoxine productie in de dunne darm 
van zijn gastheer na consumptie van gecontamineerd voedsel. Daarom zijn de persistentie van 
B. cereus in de dunne darm en het vermogen van B. cereus om er enterotoxines te produceren 
belangrijke factoren in de pathogenese. Bijgevolg was het eerste doel van deze doctoraatsthesis 
om inzicht te verwerven in het gedrag van B. cereus gedurende gastro-intenstinale transit. In 
het bijzonder werd de rol van B. cereus adherentie aan intestinale mucus onderzocht als een 
mogelijk virulentiemechanisme. Als tweede doel werd de ontwikkeling van efficiënte en 
specifieke massaspectrometrische methodes voor de detectie en kwantificatie van B. cereus 
enterotoxines voorop gesteld. De vermoedelijke enterotoxines Nhe (bestaande uit NheA, NheB 
en NheC) en CytK werden geselecteerd als case studies.  
In deel I onderzochten we de interactie tussen B. cereus en mucus. Hiervoor werd een 
geoptimaliseerde in vitro mucine adhesie-assay aangewend (Hoofdstuk 2) om het effect van de 
abiotische en biotische (bacteriële) factoren in het spijsverteringskanaal op aanhechting van B. 
cereus aan intestinale mucines na te gaan (Hoofdstuk 3). In Hoofdstuk 4 werd een dynamisch 
model gebruikt om de adhesie van voedselvergiftigende B. cereus NVH 0500/00 aan mucine 
microcosmossen na blootstelling aan verschillende gastrointestinale stessoren na te gaan. De 
persistentie van mucine-adherente B. cereus na gesimuleerde darmlediging werd bepaald door 
middel van de geoptimalseerde mucine adhesie-assay (Hoofdstuk2). Tot slot werd de stabiliteit 
van Nhe ten opzichte van intestinale componenten (gal en pancreatine) op mucine agar 
nagegaan om een mogelijks beschermend effect van mucine voor het enterotoxine vast te 

















en CytK enterotoxines die door verscheidene reinculturen van pathogene B. cereus 
geproduceerd waren. In Hoofdstuk 5 werd MALDI-TOF/MS aangewend voor de detectie van 
tryptische peptiden die bekomen waren door in-gel digestie van de enterotoxines. Daarenboven 
werd relatieve kwantificatie van de resulterende peptiden mogelijk gemaakt door LC/MS 
meervoudige reactie monitoring (MRM) met stabiele istopisch gelabelde proteotypische 
peptides (enterotoxine biomerkers) als interne standaarden (Hoofdstuk 6).   
In Deel I toonden we aan dat de mucuslaag mogelijks invloed heeft op B. cereus 
pathogenese op een aantal verschillende wijzen: de mucuslaag vormt een niche voor B. cereus 
adhesie en staat doe dat de bacteriën kunnen blijven persisteren in een darmsimulatie na 
luminale lediging (Hoofdstukken 2-4). Daarnaast kunnen mucines ook een groeisubstraat 
vormen voor B. cereus, wat zorgt voor een minder duidelijk effect van biotische en abiotische 
factoren (Hoofdstuk 3). Uiteindelijk zorgde de mucinelaag ook voor een vertraagde afbraak 
door verteringssappen van Nhe enterotoxine van B. cereus NVH0500/00 (Hoofdstuk 4). In Deel 
II werd de CytK1 variant van CytK en de NheA component van Nhe in verschillende B. cereus 
stammen gedetecteerd (Hoofdstuk 5). Bovendien beschreven we hier een aantal biomerkers die 
gebruikt kunnen worden voor massasprectrometrische screening van enterotoxineproductie bij 
voedselvergiftinging of voedsel/milieu-isolaten (Hoofdstuk 5). In Hoofdstuk 6 slaagden we erin 
om alle Nhe componenten en CytK varianten van elkaar te onderscheiden met behulp van 
meervoudige reactiemonitoring (MRM) MS door de selectie van proteotypische enterotoxine 
peptides als interne standaarden. Gebaseerd op deze relatieve kwantificatie van enterotoxine 
peptides konden vervolgens variaties in enterotoxineproductie tussen stammen blootgelegd 
worden.  
Indien we alles samen beschouwen, tonen onze bevindingen dat er mogelijks een rol is 
voor mucus-specifieke interacties in het pathogeniciteitsmechanisme van B. cereus – 
geïnduceerde diarree. Massaspectrometrische methoden kunnen ons in staat stellen om een 
adequate risicobeoordeling van de microbiële voedselveiligheid te maken doordat ze een 
oplossing bieden voor het gebrek aan specifieke en betrouwbare methoden om enterotroxines 
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